A theoretical study of the threshold current of quantum well lasers. by Gonul, Besire.
1170340
UNIVERSITY OF SURREY LIBRARY
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if materia! had to be removed,
a note will indicate the deletion.
Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition ©  ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
A  TH EO RETICAL STU D Y OF THE THRESHOLD 
CURRENT OF QU AN TU M  W ELL LASERS
B Y
Besire G om il
A thesis subm itted to the Faculty of Science at the University of 
Surrey for the degree of D octor of Philosophy
Department of Physics, University of Surrey 
November, 1995
A b s t r a c t
The work described in this thesis is a theoretical investigation of the effects 
of band structure, strain, pressure, and growth orientation on the performance of 
semiconductor quantum well lasers.
The effect of degenerate light- and heavy-hole bands on the carrier and current 
density and the differential gain are studied and compared with the non-degenerate 
case in semiconductor quantum well (QW) lasers. It is demonstrated that the pres­
ence of two degenerate bands at the valence band maximum will always lead to 
an increased threshold radiative current density compared to the case where only 
one band is significantly populated. When the two valence bands are separated 
by an energy E a, the current density decreases rapidly with increasing E a, with 
greater reductions being achieved for a given tensile than compressive strain. The 
effect of the second subband becomes less important with increasing E a, and the 
radiative current density reverts to that of the one valence band case, demonstrat­
ing the importance of maximising the subband energy separation to optimise laser 
characteristics.
We investigate different formulations of the envelope function method and show 
that the accuracy of the calculated zone-centre confinement energies can be sim­
ply predicted by plotting the equivalent bulk band structure using the various 
formulations. We show how coupling to the conduction and spin-split-off bands 
can decrease the light-hole zone-centre energies and lead to significant differences 
in the calculated subband dispersion, with the effects being most pronounced for 
systems having a narrow band gap and small spin-orbit splitting energy.
Since the loss mechanisms in a semiconductor laser are often strongly wave­
length dependent and hydrostatic pressure can vary the band gap, the pressure 
dependence of the threshold current can then provide a clear picture of the dom­
inant loss mechanisms in a given laser structure. The pressure dependence of the 
optical confinement factor, band structure, transparency and threshold carrier den­
sity, and the combined effect of these on both radiative- and non-radiative current
c o n t r i b u t i o n s  h a v e  b e e n  e v a l u a t e d  f o r  l a s e r s  o p e r a t i n g  a t  a  r a n g e  o f  w a v e l e n g t h s .  
W e  i n v e s t i g a t e  i n  p a r t i c u l a r  t h e  p r e d i c t e d  p r e s u r e  d e p e n d e n c e  o f  s e v e r a l  A u g e r  
p r o c e s s e s  i n  l o n g  w a v e l e n g t h  ( 1 . 5 ( i m )  l a s e r s .  I t  i s  f o u n d  t h a t  t h e  r a t e  o f  d e c r e a s e  
o f  p h o n o n - a s s i s t e d  A u g e r  r e c o m b i n a t i o n  w i t h  p r e s s u r e  i s  c l o s e  t o  t h a t  o b s e r v e d  
e x p e r i m e n t a l l y ,  i m p l y i n g  t h a t  p h o n o n - a s s i s t e d  A u g e r  i s  t h e  d o m i n a n t  l o s s  m e c h ­
a n i s m .  I t  i s  s h o w n  t h a t  a l t h o u g h  t h e  t r a n s p a r e n c y  c a r r i e r  d e n s i t y  i n c r e a s e s  w i t h  
p r e s s u r e  i n  a l l  l a s e r  s t r u c t u r e s ,  t h e  t h r e s h o l d  c a r r i e r  d e n s i t y ,  n t h ,  c a n  d e c r e a s e  i n  
l o n g  w a v e l e n g t h  s i n g l e  q u a n t u m  w e l l  ( S Q W )  l a s e r s  d u e  t o  t h e  p r e s s u r e  d e p e n d e n t  
p a r a m e t e r s .  T h e  d e c r e a s e  o f  n t h  i n  t h e  l o n g  w a v e l e n g t h  S Q W  c a s e  r e s u l t s  i n  a  
q u i c k e r  d e c r e a s e  i n  t h e  t h r e s h o l d  c u r r e n t  o f  a  S Q W  l a s e r  c o m p a r e d  t o  t h a t  o f  a  
m u l t i p l e  q u a n t u m  w e l l  ( M Q W )  l a s e r ,  i n  a g r e e m e n t  w i t h  e x p e r i m e n t a l  m e a s u r e ­
m e n t s .
T h e  o p t i c a l  p r o p e r t i e s  o f  q u a n t u m  w e l l  s t r u c t u r e s  c a n  a l s o  c h a n g e  w i t h  c r y s t a l  
o r i e n t a t i o n ,  a n d ,  t h e r e f o r e ,  t h e  s u b s t r a t e  o r i e n t a t i o n  i s  a n  a d d i t i o n a l  p a r a m e t e r  
w h i c h  c a n  b e  u s e d  i n  e n g i n e e r i n g  t h e  b a n d  s t r u c t u r e .  T h e  e f f e c t s  o f  o r i e n t a t i o n  o n  
c r i t i c a l  t h i c k n e s s  a n d  m a t e r i a l  p a r a m e t e r s  a r e  r e v i e w e d  f o r  ( 0 0 1 )  a n d  ( 1 1 1 )  o r i e n t e d  
s t r a i n e d  I n G a A s  Q W s  g r o w n  o n  G a A s  s u b s t r a t e s  a n d  t h e i r  c o n s e q u e n c e s  f o r  l a s e r  
e m i s s i o n  w a v e l e n g t h  a r e  i n v e s t i g a t e d .  C a l c u l a t i o n s  a r e  p r e s e n t e d  w h i c h  s h o w  t h a t  a  
s i g n i f i c a n t  f r a c t i o n  o f  t h e  p i e z o e l e c t r i c  f i e l d  r e m a i n s  u n s c r e e n e d  a t  l a s e r  t h r e s h o l d  
i n  ( 1 1 1 )  l a s e r s ,  w h i c h ,  t o g e t h e r  w i t h  d e c r e a s e d  H H 1 - H H 2  s e p a r a t i o n ,  a d v e r s e l y  
a f f e c t  t h e  l a s e r  t h r e s h o l d  c h a r a c t e r i s t i c s  i n  c o m p a r i s o n  t o  ( 0 0 1 )  o r i e n t e d  s t r a i n e d  
l a s e r s .
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C h a p t e r  1  
I n t r o d u c t i o n
I n  1 9 6 1 ,  t h e  c o n c e p t  o f  a  s e m i c o n d u c t o r  l a s e r  w a s  i n t r o d u c e d  b y  B a s o v  e t  a l .  w h o  
s u g g e s t e d  t h a t  s t i m u l a t e d  e m i s s i o n  o f  r a d i a t i o n  c o u l d  o c c u r  i n  s e m i c o n d u c t o r s  b y  
r e c o m b i n a t i o n  o f  c a r r i e r s  i n j e c t e d  a c r o s s  a  p - n  j u n c t i o n .  A f t e r  t h e  f i r s t  a p p e a r ­
a n c e  o f  s e m i c o n d u c t o r  l a s e r s  i n  1 9 6 2 ,  p r o g r e s s  w a s  s l o w  f o r  s e v e r a l  r e a s o n s .  O n e  
r e a s o n  w a s  t h e  n e e d  t o  d e v e l o p  a  n e w  s e m i c o n d u c t o r  t e c h n o l o g y .  S e m i c o n d u c t o r  
l a s e r s  c o u l d  n o t  b e  m a d e  f r o m  s i l i c o n ,  w h e r e  a  m a t u r e  f a b r i c a t i o n  t e c h n o l o g y  e x ­
i s t e d .  R a t h e r ,  t h e y  r e q u i r e  d i r e c t  b a n d g a p  m a t e r i a l s ,  w h i c h  a r e  f o u n d  i n  c o m p o u n d  
s e m i c o n d u c t o r s  a n d  w h i c h  a t  t h e  t i m e  w e r e  l e s s  w e l l  u n d e r s t o o d .  T h e r e  w e r e  a l s o  
p r o b l e m s  i n v o l v i n g  h i g h  t h r e s h o l d  c u r r e n t s  f o r  l a s i n g ,  w h i c h  l i m i t e d  l a s e r  o p e r a t i o n  
t o  s h o r t  p u l s e s ,  w i t h  l o w  e f f i c i e n c y .  A  b i g  s t r i d e  t o w a r d  s o l v i n g  t h e  a b o v e  p r o b l e m s  
w a s  m a d e  i n  1 9 6 9 ,  w i t h  t h e  i n t r o d u c t i o n  o f  h e t e r o s t r u c t u r e s .  I n  a  h e t e r o s t r u c t u r e ,  
o n e  r e p l a c e s  t h e  s i m p l e  p - n  j u n c t i o n  w i t h  m u l t i p l e  s e m i c o n d u c t o r  l a y e r s  o f  d i f f e r e n t  
c o m p o s i t i o n s .  T h e  i m m e d i a t e  i m p a c t  o n  l a s e r  p e r f o r m a n c e  d u e  t o  h e t e r o s t r u c t u r e s  
w a s  r e i n f o r c e d  o v e r  t h e  y e a r s  w i t h  b e t t e r  l a s e r  d e s i g n s  a n d  b e t t e r  c o n t r o l  o f  t h e  
g r o w t h  p r o c e s s e s .
E p i t a x i a l  t e c h n i q u e s  a l l o w  o n e  t o  h a v e  h e t e r o s t r u c t u r e s  i n  w h i c h  s e v e r a l  s e m i ­
c o n d u c t o r s  c a n  b e  i n c o r p o r a t e d  t o  p r o d u c e  n e w  c r y s t a l  s t r u c t u r e s .  W i t h  t h e  a b i l i t y  
t o  g r o w  d i f f e r e n t  s e m i c o n d u c t o r  l a y e r s  e p i t a x i a l l y  w i t h  a t o m i c  s c a l e  p r e c i s i o n  i n
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t h i c k n e s s ,  t h e  m a t e r i a l  b a n d g a p  c a n  b e  d e s i g n e d  t o  c o n f i n e  e l e c t r o n  m o t i o n  a l o n g  
t h e  g r o w t h  d i r e c t i o n .  T h i s  q u a n t u m  c o n f i n e m e n t  o f  t h e  e l e c t r o n  s i g n i f i c a n t l y  a l ­
t e r s  t h e  b a n d  s t r u c t u r e  o f  t h e  s e m i c o n d u c t o r ,  a l t e r i n g  a l m o s t  e v e r y  p r o p e r t y  o f  
t h e  m a t e r i a l  t o  o n e  d e g r e e  o r  a n o t h e r .  I t  i s  n o w  a l s o  p o s s i b l e  t o  g r o w  h i g h  q u a l i t y  
s t r a i n e d  l a y e r  s t r u c t u r e s ,  i n  w h i c h  t h e  q u a n t u m  w e l l  ( Q W )  l a y e r  i s  c o m p o s e d  o f  
a  s e m i c o n d u c t o r  w h i c h  w o u l d  n o r m a l l y  h a v e  a  s i g n i f i c a n t l y  d i f f e r e n t  l a t t i c e  c o n ­
s t a n t  t o  t h a t  o f  t h e  b a r r i e r  m a t e r i a l .  T h e  l a t t i c e  m i s m a t c h  i s  a c c o m m o d a t e d  b y  
a  t e t r a g o n a l  d i s t o r t i o n  o f  t h e  q u a n t u m  w e l l  l a y e r ,  g i v i n g  a  b u i l t - i n  a x i a l  s t r a i n .  
T h i s  a x i a l  s t r a i n  s p l i t s  t h e  d e g e n e r a c y  o f  t h e  l i g h t -  a n d  h e a v y - h o l e  z o n e - c e n t r e  
s t a t e s ,  a c c e s s i n g  a  w i d e  r a n g e  o f  s u b b a n d  s t r u c t u r e s ,  i n c l u d i n g  t h e  p o s s i b i l i t y  o f  
t h e  h i g h e s t  v a l e n c e  s u b b a n d  b e i n g  l i g h t - h o l e - l i k e ,  o f  s i g n i f i c a n t  b e n e f i t  f o r  s e m i ­
c o n d u c t o r  l a s e r s .  S i n c e  t h e  s t r a i n  c a n  a l t e r  t h e  h e a v y - h o l e ,  l i g h t - h o l e  s e p a r a t i o n ,  
a n d  h e n c e  t h e  b a n d  o c c u p a t i o n  a t  t h r e s h o l d ,  i t  i s  p o s s i b l e  t o  t a i l o r  t h e  e m i s ­
s i o n  p o l a r i z a t i o n  o f  t h e  l a s e r  l i g h t .  T h e  s t r a i n - i n d u c e d  b a n d  s p l i t t i n g s  a n d  t h e i r  
c o n s e q u e n c e s  a r e  o f  s u f f i c i e n t  i m p o r t a n c e  t h a t  a  l a r g e  p a r t  o f  t h i s  t h e s i s  i s  d e v o t e d  
t o  c o n s i d e r i n g  s t r a i n e d  l a y e r  q u a n t u m  w e l l  l a s e r s .  T h e  f o l l o w i n g  s e c t i o n s  g i v e  a  
b r i e f  o v e r v i e w  o f  t h e  w o r k  d e s c r i b e d  i n  t h i s  t h e s i s .
Chapter 2: Basic Semiconductor Laser Theory
I n  t h i s  c h a p t e r ,  a  b r i e f  q u a l i t a t i v e  i n t r o d u c t i o n  t o  s e m i c o n d u c t o r  l a s e r  t h e o r y  
i s  p r e s e n t e d ,  c o v e r i n g  t h e  b a s i c  c o n c e p t s  r e q u i r e d  i n  t h e  r e m a i n d e r  o f  t h e  t h e ­
s i s .  T h e  i d e a s  o f  o p t i c a l  a b s o r p t i o n ,  s p o n t a n e o u s  a n d  s t i m u l a t e d  e m i s s i o n  a n d  t h e  
d e n s i t y  o f  s t a t e s  a r e  p r o v i d e d .  T h e  B e r n a r d - D u r a f f o u r g  c o n d i t i o n  i s  f i r s t  d e s c r i b e d  
a n d  r e l a t e d  t o  t h e  t r a n s p a r e n c y  c a r r i e r  d e n s i t y ,  a n d  i s  t h e n  e x t e n d e d  t o  e x p l a i n  
t h e  c o n c e p t  o f  n e t  s t i m u l a t e d  e m i s s i o n  r a t e ,  o p t i c a l  g a i n  a n d  t h e  t h r e s h o l d  g a i n  
c o n d i t i o n  f o r  a  F a b r y - P e r o t  t y p e  l a s e r  d e v i c e .  T h e  t h e o r y  o f  t h e  t h r e s h o l d  c u r ­
r e n t  i s  e x p l a i n e d  a n d  d e v e l o p e d  t o  i n c l u d e  b o t h  t h e  r a d i a t i v e  a n d  n o n - r a d i a t i v e
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Chapter 3: Strained-layer Quantum-well Lasers
I n  t h e  f i r s t  p a r t  o f  c h a p t e r  3 ,  t h e  c o n c e p t s  o f  s t r a i n  i n  s e m i c o n d u c t o r  h e t ­
e r o s t r u c t u r e s  a n d  o f  s t r a i n e d  q u a n t u m  w e l l  l a s e r s  a r e  b r i e f l y  i n t r o d u c e d  a n d  t h e n  
s o m e  o f  t h e  e f f e c t s  t h a t  c a u s e  Q W  l a s e r s  w i t h  b u i l t - i n  s t r a i n  t o  h a v e  i m p r o v e d  p e r ­
f o r m a n c e  o v e r  u n s t r a i n e d  d e v i c e s  a r e  s u m m a r i s e d .  T h e  g e n e r a l  t r e n d s  a n d  f a c t o r s  
a f f e c t i n g  t h e  q u a n t u m  w e l l  l a s e r  a r e  c o n s i d e r e d .  T h e  d i s c u s s i o n  i s  c o n c e n t r a t e d  
m a i n l y  o n  t h e  b e h a v i o u r  o f  t h e  q u a n t u m  w e l l  v a l e n c e  b a n d s  u n d e r  b o t h  t e n s i l e  
a n d  c o m p r e s s i v e  s t r a i n ,  a s  t h e  c h a n g e  i n  t h e  v a l e n c e  b a n d  s t r u c t u r e  t e n d s  t o  b e  
t h e  m o s t  d o m i n a n t  f a c t o r .  I n  t h e  s e c o n d  p a r t  o f  t h e  c h a p t e r  t h e  f u n d a m e n t a l  t h e ­
o r y  n e c e s s a r y  t o  p r o v i d e  a n  a d e q u a t e  d e s c r i p t i o n  o f  o p t i c a l  g a i n  i n  q u a n t u m  w e l l  
l a s e r s  i s  p r e s e n t e d .  F i n a l l y ,  a  b r i e f  d e s c r i p t i o n  i s  g i v e n  o f  t h e  t h e o r e t i c a l  p r o g r a m s  
u s e d  i n  t h e  r e s t  o f  t h e  t h e s i s  t o  q u a n t i t a t i v e l y  m o d e l  t h e  b e h a v i o u r  o f  q u a n t u m  
w e l l  l a s e r s .  T h e  p r o g r a m s  c a l c u l a t e  t h e  v a r i o u s  a l l o y  m a t e r i a l  p a r a m e t e r s  w h i c h  
a r e  t h e n  u s e d  i n  t h e  c a l c u l a t i o n  o f  t h e  c o n d u c t i o n  a n d  v a l e n c e  q u a n t u m  w e l l  b a n d  
s t r u c t u r e ,  e m i s s i o n  w a v e l e n g t h  a n d  l a s e r  g a i n .
Chapter 4: Influence of Effective Mass and Energy Band Splittings 
on the Radiative Characteristics of Q W  Lasers at Transparency
I t  h a s  b e e n  s h o w n  t h e o r e t i c a l l y  t h a t  t h e  i n c o r p o r a t i o n  o f  e i t h e r  t e n s i l e  o r  c o m ­
p r e s s i v e  s t r a i n  i n t o  t h e  a c t i v e  r e g i o n  c a n  h a v e  s i g n i f i c a n t  a d v a n t a g e s  f o r  q u a n t u m  
w e l l  l a s e r s .  T h i s  c h a p t e r  b e g i n s  b y  d e s c r i b i n g  p r e v i o u s  w o r k  u s i n g  a n  i d e a l i s e d  
p a r a b o l i c  b a n d  m o d e l .  T h e  p r e v i o u s  s t u d y  i s  t h e n  e x t e n d e d  a n d  a n a l y t i c a l  e x p r e s ­
s i o n s  a r e  d e r i v e d  t o  i n v e s t i g a t e  t h e  v a r i a t i o n  o f  c a r r i e r  a n d  c u r r e n t  d e n s i t y  f o r  a  
r a n g e  o f  d e g e n e r a t e  a n d  n o n d e g e n e r a t e  l i g h t -  a n d  h e a v y - h o l e  v a l e n c e  b a n d s ,  w h i c h  
m o d e l  t h e  c o m b i n e d  e f f e c t s  o f  s t r a i n  a n d  q u a n t u m  c o n f i n e m e n t .  I t  i s  p o s s i b l e  t o  
h a v e  d o u b l y  d e g e n e r a t e  h e a v y -  a n d  l i g h t - h o l e  v a l e n c e  s t a t e s  a t  t h e  z o n e  c e n t r e  f o r
c o n t r i b u t i o n s  i m p o r t a n t  i n  la s e rs  o p e r a t i n g  a r o u n d  1 .5 f i m  w a v e le n g th .
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m o d e r a t e  s t r a i n  i n  a  q u a n t u m  w e l l .  T h e  c o m p a r i s o n  o f  d i f f e r e n t  d e g e n e r a t e  b a n d  
s t r u c t u r e s  w i t h  t h e  i d e a l  s i n g l e  b a n d  c a s e  s h o w e d  t h a t  t h e  r a d i a t i v e  c u r r e n t  d e n s i t y  
a t  t r a n s p a r e n c y  i s  a l w a y s  i n c r e a s e d  b y  a  f a c t o r  o f  o r d e r  2  i n  t h e  f o r m e r  c o m p a r e d  
t o  t h e  l a t t e r  c a s e .  W h e n  t h e  t w o  v a l e n c e  b a n d s  a r e  s e p a r a t e d  b y  a n  e n e r g y  E a , t h e  
r a d i a t i v e  c h a r a c t e r i s t i c s  r e v e r t  t o w a r d  t h o s e  o f  t h e  s i n g l e  b a n d  c a s e ,  c o n f i r m i n g  
t h a t  t h e  e f f e c t  o f  t h e  s e c o n d  s u b b a n d  b e c o m e s  l e s s  i m p o r t a n t  w i t h  i n c r e a s i n g  E a .
A n  i d e a l i s e d  c a l c u l a t i o n  o f  t h e  v a r i a t i o n  o f  t h e  r a d i a t i v e  c u r r e n t  d e n s i t y  a n d  
d i f f e r e n t i a l  g a i n  a t  t r a n s p a r e n c y  i s  p r e s e n t e d  a s  a  f u n c t i o n  o f  b o t h  t e n s i l e -  a n d  
c o m p r e s s i v e - s t r a i n  w h i c h  l a r g e l y  e x p l a i n s  t h e  g r e a t e r  i m p r o v e m e n t s  g e n e r a l l y  o b ­
s e r v e d  e x p e r i m e n t a l l y  i n  t h e  t e n s i l e  c a s e .
Chapter 5: Envelop e-function Method
O n e  o f  t h e  m a j o r  t h e m e s  t o  e m e r g e  i n  t h e  s t u d y  o f  q u a n t u m  w e l l  l a s e r s  i s  
t h e  k e y  r o l e  o f  t h e  v a l e n c e  b a n d  s t a t e s  i n  d e t e r m i n i n g  t h e  l a s i n g  p r o p e r t i e s  o f  a n y  
q u a n t u m  w e l l  s t r u c t u r e .  A n  a c c u r a t e  d e s c r i p t i o n  o f  t h e  g a i n  a s  a  f u n c t i o n  o f  c a r r i e r  
o r  c u r r e n t  d e n s i t y  t h e r e f o r e  r e q u i r e s  a  c a r e f u l  a n a l y s i s  o f  t h e  v a l e n c e  b a n d  s t a t e s  
i n  t h e  q u a n t u m  w e l l  s t r u c t u r e .  T h e  e n v e l o p e  f u n c t i o n  m e t h o d  i s  c o m m o n l y  u s e d  
t o  i n v e s t i g a t e  t h e  b a n d  s t r u c t u r e  o f  l a y e r e d  s e m i c o n d u c t o r  s t r u c t u r e s .  T h e  n u ­
m e r i c a l  s o l u t i o n  o f  t h e  m u l t i c o m p o n e n t  e n v e l o p e - f u n c t i o n  H a m i l t o n i a n  i s  d i f f i c u l t ;  
t h e r e f o r e  a  v a r i e t y  o f  d i f f e r e n t  s i m p l i f i c a t i o n s  h a v e  b e e n  u s e d  i n  t h e  l i t e r a t u r e .
I n  t h i s  c h a p t e r ,  t h e  v a l e n c e  b a n d  s t r u c t u r e  i s  c a l c u l a t e d  u s i n g  H a m i l t o n i a n s  
b a s e d  o n  d i f f e r e n t  n u m b e r s  o f  b u l k  b a n d s .  I t  i s  s e e n  t h a t  w h e n  w e  c o n s i d e r  e x ­
p l i c i t l y  t h e  o f f - d i a g o n a l  m i x i n g  o f  t h e  c o n d u c t i o n -  a n d  v a l e n c e - b a n d s  o r  i n c l u d e  
t h e  s p i n - s p l i t - o f f  b a n d ,  t h e  L H  b a n d  n o n p a r a b o l i c i t y  i s  i n c r e a s e d  a n d  t h e  e n e r g i e s  
o f  t h e  L H  s u b b a n d s  a r e  d e c r e a s e d .  T h e s e  e f f e c t s  b e c o m e  m o r e  p r o n o u n c e d  w i t h  
d e c r e a s i n g  f u n d a m e n t a l  b a n d  g a p  a n d  s p i n - o r b i t - s p l i t t i n g  e n e r g y  a n d  a l s o  i n  n a r ­
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r o w e r  q u a n t u m  w e l l s .  I t  i s  s h o w n  t h a t  t h e  a c c u r a c y  o f  t h e  c a l c u l a t e d  z o n e - c e n t r e  
s u b b a n d  e n e r g i e s  a n d  d i s p e r s i o n s  c a n  b e  s i m p l y  p r e d i c t e d  b y  p l o t t i n g  t h e  e q u i v ­
a l e n t  b u l k  b a n d  s t r u c t u r e  f o r  a n  i n f i n i t e l y  d e e p  q u a n t u m  w e l l  u s i n g  t h e  d i f f e r e n t  
s t a r t i n g  H a m i l t o n i a n s .  S o m e  a n a l y t i c a l  e x p r e s s i o n s  a r e  a l s o  p r e s e n t e d  t o  c a l c u l a t e  
v a l e n c e  s u b b a n d  z o n e - c e n t r e  c o n f i n e m e n t  e n e r g i e s .
Chapter 6: Theoretical Analysis of the Variation of the Threshold 
Current with Pressure in Semiconductor Q W  Lasers
T h e  m o s t  i m p o r t a n t  m e c h a n i s m  c o n t r i b u t i n g  t o  t h e  i n t r i n s i c  l o s s  i n  l o n g  w a v e ­
l e n g t h  l a s e r s  i s  A u g e r  r e c o m b i n a t i o n  [ 1 ] ,  o f  w h i c h  t h e r e  a r e  t w o  p o s s i b l e  m e c h a ­
n i s m s :  b a n d - t o - b a n d  ( = d i r e c t )  a n d  p h o n o n - a s s i s t e d  A u g e r  r e c o m b i n a t i o n  ( A R ) .  I t  
i s  v e r y  d i f f i c u l t  t o  o b t a i n  t h e o r e t i c a l l y  a n  a c c u r a t e  v a l u e  o f  t h e  t o t a l  A u g e r  r e c o m ­
b i n a t i o n  r a t e .  A n  i m p o r t a n t  p a r a m e t e r  i n  d e t e r m i n i n g  t h e  d i r e c t  A u g e r  r a t e s  i s  t h e  
m i n i m u m  t h r e s h o l d  e n e r g y  t h a t  c a r r i e r s  m u s t  h a v e  t o  i n s t i g a t e  t h e  A u g e r  p r o c e s s .  
T h i s  m i n i m u m  e n e r g y  c o m e s  a b o u t  d u e  t o  m o m e n t u m  a n d  e n e r g y  c o n s e r v a t i o n .  
A d d i n g  s t r a i n  t o  a  q u a n t u m  w e l l  a l t e r s  t h e  h o l e  m a s s e s  a n d ,  a s  a  r e s u l t ,  t h e  m i n i ­
m u m  e n e r g y  f o r  t h e  A u g e r  p r o c e s s  i s  a l s o  c h a n g e d .  I t  w a s  o r i g i n a l l y  p r e d i c t e d  t h a t  
t h e  i m p r o v e d  b a n d  s t r u c t u r e  d u e  t o  s t r a i n  s h o u l d  s i g n i f i c a n t l y  r e d u c e  t h e  A u g e r  
r a t e s  i n  s t r a i n e d  l o n g  w a v e l e n g t h  q u a n t u m  w e l l  l a s e r s  c o m p a r e d  t o  u n s t r a i n e d  d e ­
v i c e s  [ 2 ] ,  l e a d i n g  t o  r e d u c e d  t h r e s h o l d  c u r r e n t .  U s e f u l  i m p r o v e m e n t s  h a v e  b e e n  
o b t a i n e d ,  b u t  n o t  o n  t h e  s c a l e  w h i c h  w a s  f i r s t  h o p e d ,  l . b / x m  l o n g  w a v e l e n g t h  
s t r a i n e d  l a y e r  l a s e r s  s t i l l  s u f f e r  f r o m  n o n - r a d i a t i v e  A u g e r  r e c o m b i n a t i o n .
H y d r o s t a t i c  p r e s s u r e  h a s  b e e n  u s e d  t o  i n v e s t i g a t e  t h e  l o s s  m e c h a n i s m s  i n  s e m i ­
c o n d u c t o r  l a s e r s .  W e  p r o v i d e  h e r e  t h e  t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  h y d r o s t a t i c  
p r e s s u r e  m e a s u r e m e n t s .  A  s e r i e s  o f  l a s e r  d e v i c e s  a r e  s t u d i e d ,  s i m i l a r  t o  t h o s e  
i n v e s t i g a t e d  u s i n g  h y d r o s t a t i c  p r e s s u r e  a t  S u r r e y .  T h e  c h a n g e s  i n  t h e  b a n d  s t r u c ­
t u r e ,  a n d  o p t i c a l  c o n f i n e m e n t  f a c t o r  w i t h  p r e s s u r e  a r e  q u a n t i f i e d ,  a n d  t h e i r  e f f e c t
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o n  c a r r i e r  a n d  c u r r e n t  d e n s i t y  a n a l y s e d .  T h e  b a n d  g a p  d e p e n d e n c e  o f  t h e  t h r e s h o l d  
e n e r g y  a n d  o v e r a l l  A u g e r  r a t e  w e r e  c a l c u l a t e d  f o r  b o t h  d i r e c t  a n d  p h o n o n - a s s i s t e d  
A u g e r  p r o c e s s e s .  I t  i s  f o u n d  t h a t  t h e  r e d u c t i o n  i n  p h o n o n - a s s i s t e d  A u g e r  r a t e s  
w i t h  h y d r o s t a t i c  p r e s s u r e  i s  m u c h  w e a k e r  t h a n  f o r  t h e  d i r e c t  p r o c e s s e s  i n  l o n g  
w a v e l e n g t h  l a s e r s .  T h e n  i t  i s  c o n c l u d e d  t h a t  t h e  p h o n o n - a s s i s t e d  C H S H  r a t e  i s  
t h e  d o m i n a n t  l o s s  m e c h a n i s m  i n  t h e  1 . 5 f i m  l o n g  w a v e l e n g t h  l a s e r s ,  w h i c h  i s  i n  
a g r e e m e n t  w i t h  e x p e r i m e n t a l  m e a s u r e m e n t s .  T h e  v a r i a t i o n  o f  A u g e r  c u r r e n t  f o r  
s i n g l e -  a n d  m u l t i p l e - q u a n t u m  w e l l s  i s  i n v e s t i g a t e d  a n d  r e s u l t s  a r e  c o m p a r e d  w i t h  
r e l a t e d  e x p e r i m e n t s .
Chapter 7: Analysis of InGaAs/GaAs/AlGaAs Q u a n t u m  Well Laser 
Structures Grown on (111) G a A s  Substrates
I t  h a s  b e e n  d e m o n s t r a t e d  t h a t  s t r a i n e d  h e t e r o s t r u c t u r e s  m a d e  f r o m  z i n c - b l e n d e  
t y p e  s e m i c o n d u c t o r s  g r o w n  a l o n g  t h e  ( l l l ) - o r i e n t a t i o n  c a n  e x h i b i t  n o v e l  c h a r a c ­
t e r i s t i c s  d u e  t o  t h e  p i e z o e l e c t r i c  e f f e c t  [ 3 ] .  T h i s  e f f e c t ,  w h i c h  v a n i s h e s  f o r  ( 0 0 1 )  
s t r a i n e d  h e t e r o s t r u c t u r e s ,  c a n  g e n e r a t e  b u i l t - i n  i n t e r n a l  e l e c t r i c  f i e l d s ,  a n d  t h u s  
m o d i f y  t h e  e l e c t r o n i c  s t r u c t u r e  a n d  o p t i c a l  p r o p e r t i e s  o f  ( 1 1 1 )  s t r a i n e d  h e t e r o s t r u c ­
t u r e s .
I n  t h i s  c h a p t e r ,  w e  r e v i e w  t h e  o r i e n t a t i o n  d e p e n d e n c e  o f  m a t e r i a l  p a r a m e t e r s  
i n  I n G a A s / G a A s  a n d  i n v e s t i g a t e  t h e i r  c o n s e q u e n c e s  f o r  l a s e r  e m i s s i o n  w a v e l e n g t h  
a n d  c u r r e n t  d e n s i t y  i n  i d e a l  Q W  l a s e r s .  A  s i m p l e  m o d e l  i s  p r e s e n t e d  t o  e s t i m a t e  
t h e  c a r r i e r  d e n s i t y  d e p e n d e n c e  o f  t h e  s c r e e n e d  p i e z o e l e c t r i c  f i e l d  i n  ( 1 1 1 )  o r i e n t e d  
l a s e r s ,  w h i c h  c l e a r l y  d e m o n s t r a t e s  t h a t  a  s i g n i f i c a n t  f r a c t i o n  o f  t h e  p i e z o e l e c t r i c  
f i e l d  r e m a i n s  u n s c r e e n e d  a t  l a s e r  t h r e s h o l d .  C a l c u l a t i o n s  a r e  p r e s e n t e d  w h i c h  s h o w  
t h a t  t h e  p e a k  g a i n  a s  a  f u n c t i o n  o f  c a r r i e r  d e n s i t y  i s  r e d u c e d  b y  a t  l e a s t  o f  o r d e r  
2 0 %  i n  a  ( 1 1 1 )  o r i e n t e d  l a s e r  d u e  t o  t h e  b u i l t - i n  p i e z o e l e c t r i c  f i e l d .  A  l o n g - s t a n d i n g  
g o a l  h a s  b e e n  t o  a c h i e v e  e m i s s i o n  a t  1 . 3 / x r a  a n d  l o n g e r  w a v e l e n g t h s  u s i n g  g r o w t h
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o n  G a A s  s u b s t r a t e s .  T h i s  h a s  n o t  y e t  p r o v e d  p o s s i b l e  u s i n g  ( 0 0 1 )  g r o w t h ,  b e c a u s e  
o f  c r i t i c a l  t h i c k n e s s  c o n s t r a i n t s .  A l t h o u g h  t h e  c r i t i c a l  l a y e r  t h i c k n e s s  i s  b e l i e v e d  t o  
b e  i n c r e a s e d  i n  ( l l l ) - o r i e n t e d  l a y e r s ,  e n a b l i n g  l a y e r s  o f  h i g h e r  s t r a i n  t o  b e  g r o w n ,  
w e  s h o w  t h a t  t h i s  m a y  n o t  n e c e s s a r i l y  l e a d  t o  e m i s s i o n  a t  l o n g e r  w a v e l e n g t h s  
o n  a  ( l l l ) - s u b s t r a t e ,  b e c a u s e  t h e  d i r e c t i o n  d e p e n d e n c e  o f  t h e  e l a s t i c  c o n s t a n t s  
l e a d s  t o  t h e  c a l c u l a t e d  f l a t - b a n d  g a p  o f  ( 1 1 1 ) - o r i e n t e d  I n OAOG a o . 6A s  f o r  i n s t a n c e  
b e i n g  e q u a l  t o  t h a t  o f  ( O O l ) - o r i e n t e d  I n o . 32G a o . G 2A s ,  i m p l y i n g  g r e a t e r  s t r a i n  b e i n g  
r e q u i r e d  t o  a c h i e v e  a  p a r t i c u l a r  e m i s s i o n  w a v e l e n g t h .
P r e v i o u s  t h e o r e t i c a l  a n d  e x p e r i m e n t a l  w o r k  h a s  s h o w n  t h a t  t h e  t h r e s h o l d  c u r ­
r e n t  i s  r e d u c e d  i n  ( l l l ) - o r i e n t e d  l a t t i c e - m a t c h e d  G a A s / A l G a A s  l a s e r s  c o m p a r e d  
t o  e q u i v a l e n t  ( O O l ) - o r i e n t e d  l a s e r s .  T h i s  a r i s e s  b e c a u s e  t h e  i n c r e a s e d  h e a v y - h o l e  
m a s s  a l o n g  t h e  ( 1 1 1 )  d i r e c t i o n  l e a d s  t o  a n  e n h a n c e d  s p l i t t i n g  b e t w e e n  t h e  h i g h e s t  
h e a v y - h o l e  s t a t e ,  H H 1 ,  a n d  t h e  h i g h e s t  H g h t - h o l e  s t a t e ,  L H 1 ,  i n  l a t t i c e - m a t c h e d  
s t r u c t u r e s .  W e  i n v e s t i g a t e  h e r e  w h e t h e r  s i m i l a r  i m p r o v e m e n t s  m i g h t  b e  e x p e c t e d  
i n  s t r a i n e d  ( 1 1 1 )  d e v i c e s  a n d  c o n c l u d e  t h a t  t h e  c h a r a c t e r i s t i c s  m o r e  l i k e l y  t o  d e ­
t e r i o r a t e  i n  t h e  s t r a i n e d  c a s e .  T h i s  o c c u r s  b e c a u s e ,  t h e  t h r e s h o l d  c h a r a c t e r i s t i c s  
a r e  l i m i t e d  b y  t h e  H H 1 - H H 2  s p l i t t i n g  i n  c o m p r e s s i v e l y - s t r a i n e d  l a s e r s ,  a n d  a s  t h i s  
e n e r g y  s e p a r a t i o n  i s  r e d u c e d  i n  t h e  ( 1 1 1 )  c a s e  c o m p a r e d  t o  ( 0 0 1 ) ,  w e  c a l c u l a t e  t h a t  
t h r e s h o l d  c a r r i e r  a n d  c u r r e n t  d e n s i t i e s  w i l l  b e  g e n e r a l l y  r e d u c e d  i n  ( 0 0 1 )  c o m p r e s -  
s i v e l y  s t r a i n e d  l a s e r s  c o m p a r e d  t o  t h e  ( 1 1 1 )  c a s e .
C h a p t e r  2  
S e m i c o n d u c t o r  L a s e r  T h e o r y
2 .1  I n t r o d u c t i o n
T h i s  c h a p t e r  b r i e f l y  d e s c r i b e s  t h e  b a s i c  p r i n c i p l e s  o f  s e m i c o n d u c t o r  l a s e r s .  A  m o r e  
d e t a i l e d  d i s c u s s i o n  o f  s e m i c o n d u c t o r  l a s e r  t h e o r y  a n d  d e v i c e  p e r f o r m a n c e  c a n  b e  
f o u n d  i n  s e v e r a l  t e x t b o o k s ,  s u c h  a s  C a s e y  a n d  P a n i s h [ 4 ] ,  A g r a w a l  a n d  D u t t a [ 5 ] ,  
T h o m p s o n  [6 ] a n d  Z o r y [ 7 ] .
2 .2  L a s e r  O p e r a t i o n
A n y  l a s e r  c a n  b e  s e e n  a s  a  c a v i t y  c o n t a i n i n g
i )  a  g a i n  m e d i u m  c a p a b l e  o f  a m p l i f y i n g  l i g h t  a n d  p r o v i d i n g  s p o n t a n e o u s  e m i s ­
s i o n  n o i s e  i n p u t  a n d ,
i i )  m i r r o r s  a t  t h e  o p p o s i t e  e n d s  f o r  p r o v i d i n g  o p t i c a l  f e e d b a c k .
T h e  g a i n  m e d i u m  h a s  e l e c t r o n i c  e n e r g y  l e v e l s ,  s o m e  o f  w h i c h  a r e  c o m p l e t e l y  
s a t u r a t e d  w i t h  e l e c t r o n s ,  o t h e r s  p a r t i a l l y  p o p u l a t e d  w h i l e  t h e  r e s t  a r e  e m p t y .  A t  
e q u i l i b r i u m ,  e l e c t r o n s  p o p u l a t e  t h e  e n e r g y  l e v e l s  i n  d e c r e a s i n g  o r d e r ,  s t a r t i n g  f r o m  
t h e  l o w e s t  l e v e l  a n d  g o i n g  t o  h i g h e r  o n e s .  T h e  e l e c t r o n i c  t r a n s i t i o n s  t h a t  t a k e  p l a c e  
b e t w e e n  t h e  b a n d s  i n  a  s e m i c o n d u c t o r  l a s e r  p l a y  a  s i m i l a r  r o l e  t o  t h e  t r a n s i t i o n s  
b e t w e e n  i n d i v i d u a l  p a i r s  o f  e l e c t r o n i c  s t a t e s  i n  a  t w o  l e v e l  l a s e r  s y s t e m ,  a l t h o u g h  
t h e  a c t u a l  e l e c t r o n i c  s t r u c t u r e  i n  s e m i c o n d u c t o r s  i s  m u c h  m o r e  c o m p l e x .  I n  b o t h
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c a s e s  l i g h t  c a n  i n t e r a c t  w i t h  t h e  m e d i u m  i n  t h r e e  d i f f e r e n t  w a y s ,  n a m e l y  a b s o r p t i o n ,  
s t i m u l a t e d  e m i s s i o n  a n d  s p o n t a n e o u s  e m i s s i o n  ( s e e  F i g .  2 . 1 ) .  A b s o r p t i o n  o c c u r s  
w h e n  a n  i n c o m i n g  p h o t o n  e x c i t e s  a n  e l e c t r o n  i n  t h e  v a l e n c e  b a n d  t o  t h e  c o n d u c t i o n  
b a n d .  T h e  e l e c t r o n  g a i n s  e n e r g y  l e a d i n g  t o  t h e  p h o t o n  b e i n g  a b s o r b e d  o r  l o s t .  
I n  t h e  s t i m u l a t e d  e m i s s i o n  p r o c e s s ,  a  p h o t o n  i n t e r a c t s  w i t h  a n  e l e c t r o n  i n  t h e  
c o n d u c t i o n  b a n d  s t i m u l a t i n g  t h e  e l e c t r o n  t o  r e c o m b i n e  w i t h  a  h o l e  i n  t h e  v a l e n c e  
b a n d  a n d  e m i t s  a  s e c o n d  p h o t o n .  T h e  e m i t t e d  p h o t o n  h a s  t h e  s a m e  p h a s e  a n d  
f r e q u e n c y  a s  t h e  s t i m u l a t i n g  p h o t o n .  I n  b o t h  c a s e s ,  t h e  e n e r g y  o f  t h e  i n c o m i n g  
p h o t o n  s h o u l d  b e  e x a c t l y  e q u a l  t o  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  t h e  t w o  b a n d s  f o r  
t h e  m e c h a n i s m  t o  t a k e  p l a c e .  F i n a l l y  w h e n  a n  e l e c t r o n  i n  t h e  c o n d u c t i o n  b a n d  
f i n d s  a n  e m p t y  s t a t e  o r  h o l e  i n  t h e  v a l e n c e  b a n d ,  i t  s p o n t a n e o u s l y  r e c o m b i n e s  w i t h  
t h e  h o l e  i n  t h e  v a l e n c e  b a n d  g i v i n g  o f f  a  p h o t o n  w i t h o u t  t h e  h e l p  o f  a n o t h e r  a s  i n  
s t i m u l a t e d  e m i s s i o n .  I n  t h i s  c a s e ,  p h o t o n s  a r e  e m i t t e d  i n  r a n d o m  d i r e c t i o n s  w i t h  
n o  p h a s e  r e l a t i o n s h i p  a m o n g  t h e m .  I n  s p o n t a n e o u s  e m i s s i o n ,  t h e  e n e r g y  o f  t h e  
e m i t t e d  p h o t o n  i s  e q u a l  t o  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  t h e  t w o  r e c o m b i n a t i o n  
l e v e l s .
Conduction Band
Valence Band
(a) Absorption (b) Spontaneous Emision (c) Stimulated Emission
F i g u r e  2 . 1 :  S c h e m a t i c  i l l u s t r a t i o n  o f  ( a )  a b s o r p t i o n ,  ( b )  s p o n t a n e o u s  e m i s s i o n  a n d  
( c )  s t i m u l a t e d  e m i s s i o n .  I n  b o t h  s p o n t a n e o u s  a n d  s t i m u l a t e d  e m i s s i o n  p r o c e s s e s  
a n  e l e c t r o n - h o l e  p a i r  r e c o m b i n e  t o  g e n e r a t e  a  p h o t o n .  I n  t h e  c a s e  o f  s t i m u l a t e d  
e m i s s i o n  t h e  t w o  o u t g o i n g  p h o t o n s  m a t c h  i n  t h e i r  f r e q u e n c y  a n d  d i r e c t i o n  o f  p r o p ­
a g a t i o n .
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I n  a n  u n d o p e d ,  d i r e c t  b a n d  g a p ,  s e m i c o n d u c t o r  i n  t h e r m a l  e q u l i b r i u m ,  t h e  
c o n d u c t i o n  b a n d  u s u a l l y  c o n t a i n s  o n l y  a  f e w  f i l l e d  s t a t e s  a n d  t h e  v a l e n c e  b a n d  a  
f e w  e m p t y  s t a t e s .  T h e r e f o r e ,  s t i m u l a t e d  e m i s s i o n  i s  a  h i g h l y  i m p r o b a b l e  p r o c e s s  i n  
t h e  c a s e  o f  t h e r m a l  e q u l i b r i u m  d u e  t o  t h e  i n s i g n i f i c a n t  p o p u l a t i o n  o f  e l e c t r o n s  i n  t h e  
c o n d u c t i o n  b a n d .  I n  o r d e r  t o  i n c r e a s e  t h e  p r o b a b i l i t y  o f  s t i m u l a t e d  e m i s s i o n ,  o n e  
h a s  t o  i n c r e a s e  t h e  n u m b e r  o f  e l e c t r o n s  i n  t h e  c o n d u c t i o n  b a n d .  T h i s  i s  n o r m a l l y  
a c h i e v e d  b y  e l e c t r i c a l  i n j e c t i o n .  A s  t h e  n u m b e r  o f  e l e c t r o n s  i n  t h e  c o n d u c t i o n  
b a n d  i n c r e a s e s ,  a  p o i n t  i s  r e a c h e d  w h e n  a  p h o t o n  o f  e n e r g y  h v  w i l l  h a v e  t h e  s a m e  
p r o b a b i l i t y  o f  c a u s i n g  s t i m u l a t e d  e m i s s i o n  a s  o f  b e i n g  a b s o r b e d  a n d  t h i s  l e a d s  t o  t h e  
s e m i c o n d u c t o r  b e c o m i n g  o p t i c a l l y  t r a n s p a r e n t .  T h e  c o n d i t i o n  f o r  n e t  s t i m u l a t e d  
e m i s s i o n  i s  t h a t  f i r s t  s t a t e d  b y  B e r n a r d  a n d  D u r a f f o u r g  [8 ] :
E f c -  E f v  >  h v , ( 2 . 2 . 1 )
w h e r e  E j c a n d  E f v  a r e  t h e  q u a s i - F e r m i  l e v e l s  i n  t h e  c o n d u c t i o n  a n d  v a l e n c e  b a n d s ,  
r e s p e c t i v e l y .  A t  t h e  p o i n t  E  =  E f c —  E f v i  t h e  s e m i c o n d u c t o r  i s  t r a n s p a r e n t ,  a n d  
t h e  n u m b e r  o f  t h e  i n j e c t e d  c a r r i e r s  p e r  u n i t  v o l u m e  a t  t h i s  p o i n t  i s  k n o w n  a s  
t h e  t r a n s p a r e n c y  c a r r i e r  d e n s i t y .  W h e n  t h e  e l e c t r i c a l  i n j e c t i o n  e x c e e d s  a  c r i t i c a l  
v a l u e ,  a  c o n d i t i o n  k n o w n  a s  p o p u l a t i o n  i n v e r s i o n  i s  r e a c h e d ,  i n  w h i c h  t h e  r a t e  o f  
p h o t o n  e m i s s i o n  e x c e e d s  t h a t  o f  a b s o r p t i o n .  S t i m u l a t e d  e m i s s i o n  d o m i n a t e s ,  t h e  
g a i n  m e d i u m  i s  t h e n  a b l e  t o  a m p l i f y  t h e  i n p u t  l i g h t  a n d  e x h i b i t  o p t i c a l  g a i n ,  f o r  
p h o t o n s  w i t h  e n e r g i e s ,  E  —  h v , b e t w e e n  t h e  b a n d  g a p  E g a n d  E f c — E f v , a  r a n g e  
w h i c h  c a n  c o r r e s p o n d  t o  a  w i d e  s p e c t r a l  b a n d w i d t h  (  a  f e w  t e n s  o f  n m ) .  H o w e v e r ,  
o p t i c a l  g a i n  a l o n e  i s  n o t  e n o u g h  t o  o p e r a t e  a  l a s e r .  T h e  o t h e r  n e c e s s a r y  i n g r e d i e n t  
i s  o p t i c a l  f e e d b a c k ,  w h i c h  f o r  t h e  p u r p o s e s  o f  t h i s  t h e s i s  i s  a c h i e v e d  b y  t h e  c l e a v e d  
f a c e t s  o f  t h e  s e m i c o n d u c t o r  l a s e r  f o r m i n g  a  F a b r y - P e r o t  ( F P )  c a v i t y .  F o r  t y p i c a l  
I n P -  a n d  G a A s - b a s e d  l a s e r s ,  t h e  c l e a v e d  f a c e t s  p r o v i d e  a b o u t  3 0 %  o p t i c a l  i n t e n s i t y
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r e f l e c t i o n  d u e  t o  t h e  d i f f e r e n c e s  b e t w e e n  t h e  r e f r a c t i v e  i n d i c e s  o f  t h e  s e m i c o n d u c t o r  
a n d  a i r .
2.3 D e n s i t y  o f  S t a t e s
F i g u r e  2 . 2 :  M o d e l  d i a g r a m  s h o w i n g  t h e  d e n s i t y  o f  s t a t e s  a n d  c a r r i e r  o c c u p a n c y  
( s h a d e d  a r e a )  i n  ( a )  b u l k  ( 3 D )  a n d  ( b )  q u a n t u m - w e l l  s t r u c t u r e  ( 2 D ) .
T h e  d e n s i t y  o f  s t a t e s  ( D O S )  i n  b u l k  m a t e r i a l s  i n c r e a s e s  w i t h  e n e r g y  a s  E 1 ! 2 a n d  
i s  v a n i s h i n g  a t  t h e  b a n d  e d g e s .  A s  a  r e s u l t ,  o n l y  a  s m a l l  f r a c t i o n  o f  t h e  c a r r i e r s  
p o p u l a t e  t h e  l o w e s t  s t a t e s  ( s h a d e d  a r e a )  a n d  t h e  i n j e c t e d  e l e c t r o n s  a n d  h o l e s  
d o  n o t  t a k e  t h e  f u l l  a d v a n t a g e  o f  t h e  F e r m i  d i s t r i b u t i o n  ( s e e  F i g .  2 . 2 ( a ) ) .  T h e  
m a j o r i t y  o f  d i r e c t  ( n o  c h a n g e  i n  m o m e n t u m )  r a d i a t i v e  t r a n s i t i o n s  i n  a  l a s e r  t a k e  
p l a c e  v i a  c a r r i e r s  i n  s t a t e s  c l o s e  t o  t h e  c o n d u c t i o n  a n d  v a l e n c e  b a n d - e d g e s  . T h u s ,  
t h e  t h r e e  d i m e n s i o n a l  ( 3 D )  b u l k  s t r u c t u r e  i s  h i g h l y  i n e f f i c i e n t  s i n c e  t h e r e  a r e  v e r y  
f e w  c a r r i e r s  c l o s e  t o  t h e  b a n d - e d g e  t o  t a k e  p l a c e  i n  r a d i a t i v e  r e c o m b i n a t i o n .  T h i s  
i s  n o t  t h e  c a s e  i n  t w o  d i m e n s i o n a l  ( 2 D )  s y s t e m s  w h e r e  t h e  D O S  i s  a  s t e p - l i k e  
f u n c t i o n  o f  e n e r g y  a n d  t h e  p e a k  i n  t h e  i n j e c t e d  c a r r i e r  d i s t r i b u t i o n  i s  a t  t h e  b a n d
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e d g e s .  T h i s  m o r e  f a v o u r a b l e  s h a p e  o f  t h e  D O S  i s  t h e  c h i e f  r e a s o n  w h y  q u a n t u m -  
w e l l  l a s e r s  h a v e  b e e n  p r e d i c t e d  t o  h a v e  i m p r o v e d  c h a r a c t e r i s t i c s  c o m p a r e d  t o  t h e i r  
b u l k  c o u n t e r p a r t s .  N e v e r t h e l e s s ,  t h e  i d e a l i s e d  q u a n t u m - w e l l  D O S  i l l u s t r a t e d  i n  
F i g .  2 . 2 ( b )  i s  n o t  y e t  t h e  b e s t  c a s e ,  b e c a u s e  o f  t h e  l a r g e  v a l e n c e  b a n d  D O S .  O n e  
c a n  f u r t h e r  i m p r o v e  t h e  l a s e r  c h a r a c t e r i s t i c s  a n d  i n  p a r t i c u l a r  t h e  g a i n  b y  r e d u c i n g  
t h e  D O S  i n  t h e  v a l e n c e  b a n d  b y  i n c o r p o r a t i o n  o f  s t r a i n  a s  w e  w i l l  s e e  i n  c h a p t e r  
3.
2.4 L a s e r  T h r e s h o l d
A l t h o u g h  s t i m u l a t e d  e m i s s i o n  c a n  o c c u r  a s  s o o n  a s  c u r r e n t  i s  a p p l i e d  t o  a  s e m i ­
c o n d u c t o r  l a s e r ,  t h e  l a s e r  d o e s  n o t  e m i t  c o h e r e n t  l a s e r  l i g h t  u n t i l  t h e  n u m b e r  o f  
i n j e c t e d  c a r r i e r s  r e a c h e s  a  c e r t a i n  c r i t i c a l  v a l u e ,  k n o w n  a s  t h e  t h r e s h o l d  c a r r i e r  
d e n s i t y  nth• T h i s  i s  s o  b e c a u s e  t h e  s t i m u l a t e d  e m i s s i o n  h a s  t o  c o m p e t e  a g a i n s t  t h e  
a b s o r p t i o n  p r o c e s s e s  i n  w h i c h  e l e c t r o n - h o l e  p a i r s  a r e  g e n e r a t e d  d u e  t o  t h e  p h o t o n  
a b s o r p t i o n .  T h e  m e d i u m  g a i n  gth a t  t h r e s h o l d  i s  o b t a i n e d  b y  s t a t i n g  t h a t  t h e  
o p t i c a l  w a v e  i n t e n s i t y  a f t e r  a  r o u n d t r i p  i n  t h e  c a v i t y  m u s t  s t a y  e q u a l ,  u n d e r  t h e  
o p p o s i t e  a c t i o n s  o f  l o s s e s  a n d  g a i n .  T h i s  c a n  b e  w r i t t e n  a s
I0R 1R 2exp[2(Tgth - otab,)L] =  Io: (2.4.1)
w h e r e  R i  a n d  R 2 a r e  t h e  f a c e t  r e f l e c t i v i t i e s ,  T  i s  t h e  c o n f i n e m e n t  f a c t o r  w h i c h  i s  a  
m e a s u r e  o f  t h e  o v e r l a p  b e t w e e n  t h e  l a s i n g  m o d e  a n d  a c t i v e  r e g i o n  c r o s s  s e c t i o n ,  L
i s  t h e  l a s e r  l e n g t h  a n d  a abg a c c o u n t s  f o r  t h e  o p t i c a l  l o s s e s .  S o l v i n g  E q .  ( 2 . 4 . 1 )  f o r
g t h , w e  h a v e
1 I n fR i R i ) ,  , ,
gth =  jr[ooi. -  -■ 2Z- ' ]. (2.4.2)
T o  a  g o o d  a p p r o x i m a t i o n  t h e  p e a k  g a i n  i n  a  b u l k  s e m i c o n d u c t o r  v a r i e s  m o r e
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o r  l e s s  l i n e a r l y  w i t h  c a r r i e r  d e n s i t y .  S u c h  a  l i n e a r  r e l a t i o n  m a y  b e  w r i t t e n  a s
9th =  P(nth - ntv), ( 2 . 4 . 3 )
w h e r e  (3 i s  t h e  d i f f e r e n t i a l  g a i n  w i t h  r e s p e c t  t o  c a r r i e r  d e n s i t y  a n d  ntT i s  t h e  c a r r i e r  
d e n s i t y  n e e e d e d  t o  r e a c h  t r a n s p a r e n c y  i n  t h e  g a i n  m e d i u m .  T h e  i n j e c t e d  t h r e e  
d i m e n s i o n a l  c a r r i e r  d e n s i t y  c a n  b e  r e l a t e d  t o  t h e  i n j e c t i o n  c u r r e n t  d e n s i t y  b y  
Jrji
n  = ( 2 . 4 . 4 )
c'yrLz
w h e r e  e  i s  t h e  e l e c t r o n  c h a r g e ,  7 r i s  t h e  r e c o m b i n a t i o n  r a t e ,  Lz i s  t h e  a c t i v e  l a y e r  
t h i c k n e s s  a n d  r j i  i s  t h e  q u a n t u m  e f f i c i e n c y  w i t h  w h i c h  t h e  i n j e c t e d  c a r r i e r s  a r r i v e  i n  
t h e  a c t i v e  r e g i o n  a n d  c o n t r i b u t e  t o  t h e  i n v e r s i o n .  S i n c e  n  i s  i n v e r s e l y  p r o p o r t i o n a l  
t o  L z, t h e  g a i n  i n  E q .  ( 2 . 4 . 3 )  i n c r e a s e s  a s  L z d e c r e a s e s  f o r  a  g i v e n  c u r r e n t  d e n s i t y .  
M o r e  s p e c i f i c a l l y ,  s o l v i n g  E q .  ( 2 . 4 . 3 )  f o r  n  u s i n g  t h e  t h r e s h o l d  g a i n  o f  E q .  ( 2 . 4 . 2 ) ,  
t h e  t h r e s h o l d  i n j e c t i o n  c u r r e n t  d e n s i t y  i s
6/yrLz . aaba I n ^ R i R f )  f 2L ^ . .
J t h  =  - — - ( n t r  + -------------------^    ) .  ( 2 . 4 . 5 )
rji  p l
T h e r e f o r e  t h e  t h r e s h o l d  c u r r e n t  d e n s i t y  i s  a  s t r o n g  f u n c t i o n  o f  t h e  a c t i v e  r e g i o n  
t h i c k n e s s .  R e d u c t i o n  o f  t h i s  t h i c k n e s s  r e d u c e s  t h e  t h r e s h o l d  c u r r e n t  d e n s i t y  p r o ­
p o r t i o n a l l y ,  u n l e s s  T  i s  c h a n g e d .
T h e  p r e s e n t  s t a t e  o f  t h e  a r t  f a b r i c a t i o n  t e c h n i q u e s  a l l o w  o n e  t o  r e d u c e  t h e  a c ­
t i v e  l a y e r  t h i c k n e s s  e v e n  t o  a  d i m e n s i o n  o f  t h e  o r d e r  o f  o r  l e s s  t h a n  a n  e l e c t r o n  
d e  B r o g l i e  w a v e l e n g t h ,  w h i c h  i s  a b o u t  1 2 0 A  i n  G a A s ,  b y  i n t r o d u c t i o n  o f  h e t e r o ­
j u n c t i o n s .  H e t e r o j u n c t i o n s  c a n  b e  u s e d  t o  c o n f i n e  e l e c t r o n s ,  h o l e s  a n d  p h o t o n s  
w i t h i n  t h e  a c t i v e  l a y e r  w h i c h  i s  s u r r o u n d e d  b y  c l a d d i n g  m a t e r i a l .  W e  t h e n  h a v e  a  
q u a n t u m - w e l l  l a s e r  w h e r e  t h e  c a r r i e r s  a r e  c o n f i n e d  t o  a  s q u a r e  w e l l  i n  t h e  t r a n s ­
v e r s e  d i r e c t i o n  b u t  r e m a i n  f r e e  t o  m o v e  i n  t h e  o t h e r  t w o  d i r e c t i o n s .  T h e  c o n c e p t  
o f  c a r r i e r  a n d  o p t i c a l  c o n f i n e m e n t  i n  q u a n t u m  w e l l s  w i l l  b e  d i s c u s s e d  i n  c h a p t e r
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3 .  T h e  i n t r o d u c t i o n  o f  h e t e r o s t r u c t u r e s  i m p r o v e s  t h e  l a s e r  p e r f o r m a n c e  d u e  t o  t h e  
r e d u c e d  a c t i v e  l a y e r  t h i c k n e s s  a n d  i n c r e a s e d  o p t i c a l  c o n f i n e m e n t  f a c t o r .  A s  t h e  
n e x t  c h a p t e r  w i l l  s h o w ,  t h e  c h a n g e  f r o m  a  t h r e e - d i m e n s i o n a l  t o  a  t w o  d i m e n s i o n a l  
f f e e - p a r t i c l e  d e n s i t y  o f  s t a t e s  c a n  c a u s e  a  q u a n t u m - w e l l  g a i n  m e d i u m  t o  b e h a v e  
d i f f e r e n t l y  f r o m  a  b u l k  g a i n  m e d i u m .  A n o t h e r  u s e f u l  p r o p e r t y  o f  a  q u a n t u m - w e l l  
l a y e r  i s  t h a t  i t  i s  t h i n  e n o u g h  t o  f o r m  s t a b l e  h e t e r o s t r u c t u r e s  w i t h  s e m i c o n d u c t o r s  
o f  n o t i c a b l y  d i f f e r e n t  l a t t i c e  c o n s t a n t s .  T h i s  r e s u l t s  i n  a  b u i l t - i n  s t r a i n  p r o d u c e d  
b y  u s i n g  a  l a y e r  w i t h  a  l a t t i c e  c o n s t a n t  t h a t  i s  d i f f e r e n t  f r o m  t h a t  o f  t h e  s u b ­
s t r a t e .  T h e  i n t r o d u c t i o n  o f  b u i l t - i n  s t r a i n  s i g n i f i c a n t l y  a l t e r s  t h e  b a n d  s t r u c t u r e  
r e s u l t i n g  i n  a  r e d u c t i o n  i n  t h r e s h o l d  c u r r e n t  w h i c h  i s  a n  i m p o r t a n t  m o t i v a t i o n  f o r  
u s i n g  s t r a i n .  T h i s  a n d  o t h e r  f e a t u r e s  o f  s t r a i n e d  q u a n t u m - w e l l  l a s e r s  m a k e  t h e m  
a n  i n t e r e s t i n g  a n d  a t t r a c t i v e  d e v i c e  f o r  f u r t h e r  i n v e s t i g a t i o n  a n d  d e v e l o p m e n t .
2.5 T h r e s h o l d  C u r r e n t
W h e n  t h e  c u r r e n t  f l o w i n g  t h r o u g h  a  s e m i c o n d u c t o r  l a s e r  i s  i n c r e a s e d ,  c h a r g e  c a r r i ­
e r s  ( e l e c t r o n s  a n d  h o l e s )  a r e  i n j e c t e d  i n t o  t h e  a c t i v e  r e g i o n ,  w h e r e  t h e y  c a n  r e c o m ­
b i n e  t h r o u g h  r a d i a t i v e  a n d  n o n r a d i a t i v e  m e c h a n i s m s  t o  p r o d u c e  a  c u r r e n t  t h r o u g h  
t h e  l a s e r  a n d  a n  a s s o c i a t e d  t h r e s h o l d  c u r r e n t  d e n s i t y  J ^ ,
J t h  ~  J r a d  T  J  n r _j_ J a t i m  j ( 2 . 5 . 1 )
w h e r e  J r a d  i s  t h e  r a d i a t i v e  c u r r e n t  d e n s i t y ,  a n d  i s  p r i m a r i l y  c a u s e d  b y  r e c o m ­
b i n a t i o n  v i a  s p o n t a n e o u s  e m i s s i o n ,  J n r  i s  t h e  c o n t r i b u t i o n  t o  t h e  c u r r e n t  f r o m  
n o n - r a d i a t i v e  r e c o m b i n a t i o n ,  i n c l u d i n g  r e c o m b i n a t i o n  v i a  d e f e c t s  a n d  J Bt im  i s  t h e  
c o n t r i b u t i o n  d u e  t o  s t i m u l a t e d  e m i s s i o n .  T h e  r e l a t i v e  p r o p o r t i o n s  o f  d i f f e r e n t  
c o n t r i b u t i o n s  t o  t h e  t o t a l  c u r r e n t  d e n s i t y  i s  h e a v i l y  d e p e n d e n t  o n  b o t h  t h e  o p t o ­
e l e c t r o n i c  p r o p e r t i e s  o f  t h e  a c t i v e  r e g i o n  m a t e r i a l  a n d  t h e  e n g i n e e r e d  l a s e r  c l e s i g n .
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2.5.1 Intrinsic Loss M e c h a n i s m s
M e c h a n i s m s  w h i c h  c a n  c o n t r i b u t e  t o  n o n - r a d i a t i v e  r e c o m b i n a t i o n  i n c l u d e  r e c o m b i ­
n a t i o n  a t  d e f e c t s ,  s u r f a c e  r e c o m b i n a t i o n ,  A u g e r  r e c o m b i n a t i o n ,  a n d  c u r r e n t  l e a k ­
a g e  e f f e c t s .  T h e s e  r e c o m b i n a t i o n s  a r e  n o t  h e l p f u l  f o r  l a s e r  o p e r a t i o n  a n d  a t t e m p t s  
a r e  m a d e  t o  m i n i m i z e  t h e i r  o c c u r r e n c e  b y  c o n t r o l l i n g  p o i n t  d e f e c t  a n d  d i s l o c a t i o n  
d e n s i t i e s .  A u g e r  r e c o m b i n a t i o n [1] i s  b e l i e v e d  t o  b e  t h e  m o s t  i m p o r t a n t  i n t r i n s i c  
n o n - r a d i a t i v e  r e c o m b i n a t i o n  m e c h a n i s m s  i n  l o n g  w a v e l e n g t h ,  l o w  b a n d  g a p ,  l a s e r s .  
I n  a d d i t i o n ,  i n t e r v a l e n c e  b a n d  a b s o r p t i o n  c a n  a c t  a s  a n  i m p o r t a n t  l o s s  m e c h a n i s m .
W avevector, k
F i g u r e  2 . 3 :  S c h e m a t i c  r e p r e s e n t a t i o n  o f  i n t e r - v a l e n c e  b a n d - a b s o r p t i o n .  T h e  s o l i d  
v e r t i c a l  a r r o w  i n d i c a t e  t h e  I  V B A  p r o c e s s ,  w h i l e  t h e  d o t t e d  l i n e s  i n d i c a t e  t h e  c a s e  
f o r  s h o r t e r  w a v e l e n g t h  l a s e r s .  T h e  d o t t e d  a r r o w s  i n d i c a t e  h o w  I V B A  m o v e s  t o  
l a r g e r  w a v e v e c t o r  k  a n d  i s  t h e r e b y  r e d u c e d  w i t h  i n c r e a s i n g  b a n d g a p .
T h e  i n t e r v a l e n c e  b a n d  a b s o r p t i o n  p r o c e s s  ( I V B A )  i s  i l l u s t r a t e d  b y  t h e  s o l i d  
v e r t i c a l  a r r o w s  i n  F i g .  2 . 3 ,  w h e r e b y  a n  e l e c t r o n  i n  t h e  c o n d u c t i o n  b a n d  r e c o m ­
b i n e s  w i t h  a  h o l e  n e a r  t h e  v a l e n c e  b a n d  m a x i m u m ,  c r e a t i n g  a  p h o t o n  o f  e n e r g y  h v ,  
c l o s e  t o  t h e  b a n d g a p  e n e r g y  E g . I V B A  o c c u r s  w h e n  t h e  p h o t o n  i s  s u b s e q u e n t l y  
r e - a b s o r b e d  b y  l i f t i n g  a n  e l e c t r o n  f r o m  t h e  s p i n - s p l i t - o f f  b a n d  i n t o  a n  i n j e c t e d  h o l e
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s t a t e  i n  t h e  h e a v y - h o l e  b a n d .  T h e  a b s o r p t i o n  i n c r e a s e s  t h e  g a i n  r e q u i r e d  a t  t h r e s h ­
o l d  a n d  h e n c e  i n c r e a s e s  t h e  t h r e s h o l d  c a r r i e r  d e n s i t y  n t h  l e a d i n g  t o  a n  i n c r e a s e  i n  
t h r e s h o l d  c u r r e n t  d e n s i t y .  I V B A  i s  a  l e s s  p r o b a b l e  r e c o m b i n a t i o n  m e c h a n i s m  i n  
s h o r t  w a v e l e n g t h  l a s e r s  w h e r e ,  i n  o r d e r  t o  c o n s e r v e  e n e r g y  a n d  m o m e n t u m ,  t h e  r e -  
a b s o r p t i o n  i s  e x p e c t e d  w e l l  a w a y  f r o m  t h e  B r i l l o u i n  z o n e  c e n t r e  a t  l a r g e  w a v e v e c t o r  
k  w h e r e  t h e  h o l e  c o n c e n t r a t i o n  i s  m u c h  r e d u c e d  ( s e e  d a s h e d  l i n e s  i n  F i g .  2 . 3 ) .
I n  A u g e r  r e c o m b i n a t i o n ,  a n  e l e c t r o n  a n d  a  h o l e  a g a i n  r e c o m b i n e  a c r o s s  t h e  
b a n d g a p  b u t  n o w ,  i n s t e a d  o f  e m i t t i n g  a  p h o t o n ,  e x c i t e  a  t h i r d  c a r r i e r  t o  h i g h e r  
e n e r g y .  S u c h  p r o c e s s e s  a r e  v e r y  i m p o r t a n t  f o r  n a r r o w  b a n d - g a p  l a s e r s  w h e r e  t h i s  
p r o c e s s  c a u s e s  c a r r i e r  r e c o m b i n a t i o n  w i t h o u t  p r o d u c i n g  u s e f u l  p h o t o n s .  T h e r e  a r e  
t w o  p o s s i b l e  A u g e r  r e c o m b i n a t i o n  m e c h a n i s m s :  b a n d - t o - b a n d  a n d  p h o n o n - a s s i s t e d  
A u g e r  r e c o m b i n a t i o n .
CHCC CHSH p-CHSH
F i g u r e  2 . 4 :  ( a )  I n  t h e  d i r e c t  C H C C  A u g e r  r e c o m b i n a t i o n  p r o c e s s ,  t h e  e n e r g y  
r e l e a s e d  w h e n  a  c o n d u c t i o n  e l e c t r o n  a n d  h e a v y - h o l e  r e c o m b i n e  a c r o s s  t h e  b a n d  
g a p  i s  u s e d  t o  e x c i t e  a  c o n d u c t i o n  e l e c t r o n  t o  a  h i g h e r  c o n d u c t i o n  b a n d  s t a t e ,  ( b )  
I n  t h e  C H S H  p r o c e s s ,  t h e  e n e r g y  a n d  m o m e n t u m  r e l e a s e d  e x c i t e  a n  e l e c t r o n  f r o m  
t h e  s p i n - s p l i t - o f f  b a n d  i n t o  a  s t a t e  i n  t h e  h e a v y - h o l e  b a n d ,  ( c )  A n  e x a m p l e  o f  a  
p h o n o n - a s s i s t e d  C H S H  A u g e r  t r a n s i t i o n .  T h e  e l e c t r o n  e x c i t e d  f r o m  t h e  s p l i t - o f f  
b a n d  p a s s e s  t h r o u g h  a  f o r b i d d e n  i n t e r m e d i a t e  s t a t e  ( I ) ,  a n d  i s  t h e n  s c a t t e r e d  w i t h  
t h e  a b s o r b t i o n  o r  e m i s s i o n  o f  a  p h o n o n  t o  t h e  f i n a l  s t a t e .  T h e  p h o n o n  a l l o w s  
c o n s e r v a t i o n  o f  e n e r g y  a n d  m o m e n t u m  i n  t h e  o v e r a l l  p r o c e s s .
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E x a m p l e s  o f  t h e  t w o  m a j o r  b a n d - t o - b a n d  y f e g e r  r e c o m b i n a t i o n  ( A R )  p r o c e s s e s  X  
a r e  i l l u s t r a t e d  i n  F i g .  2 . 4 .  W h e n  a n  e l e c t r o n  a n d  h o l e  r e c o m b i n e ,  t h e y  c a n  t r a n s f e r  
t h e i r  e n e r g y  a n d  m o m e n t u m  t o  a n o t h e r  e l e c t r o n  b y  l i f t i n g  i t  h i g h e r  i n t o  t h e  c o n ­
d u c t i o n  b a n d .  T h i s  i s  c a l l e d  t h e  C H C C  p r o c e s s  a n d  i s  i l l u s t r a t e d  i n  F i g .  2 . 4 ( a ) .  
A l t e r n a t i v e l y ,  a  h o l e  c a n  b e  e x c i t e d  d e e p e r  i n t o  t h e  v a l e n c e  b a n d .  T h i s  i s  m o s t  
l i k e l y  t o  i n v o l v e  t h e  s p i n - s p l i t - o f f  b a n d ,  a s  s h o w n  i n  F i g .  2 . 4 ( b )  a n d  i s  t h e n  c a l l e d  
t h e  G H S H  p r o c e s s .  M a n y  o t h e r  p o s s i b l e  A u g e r  p r o c e s s e s  m a y  o c c u r ,  i n c l u d i n g  
p h o n o n - a s s i s t e d  A u g e r ,  f o r  w h i c h  t h e  C H S H  p r o c e s s  i s  i l l u s t r a t e d  i n  F i g .  2 . 4 ( c ) .
A u g e r  r e c o m b i n a t i o n  i n v o l v e s  t h r e e  c a r r i e r s  a n d  h a s  a  r a t e  t h a t  c a n  b e  a p p r o x ­
i m a t e d  f o r  b a n d - t o - b a n d  p r o c e s s e s  a s  b y
J n r  =  C Tn 3e ~ E R k B T , ( 2 . 5 . 2 )
w h e r e  C T i s  a  c o m p l i c a t e d  e x p r e s s i o n  d e t e r m i n e d  b y  t h e  b a n d  s t r u c t u r e  a n d  o p t i c a l  
m a t r i x  e l e m e n t s ,  n  i s  t h e  c a r r i e r  d e n s i t y ,  k s  i s  B o l t z m a n n ’s  c o n s t a n t ,  T  i s  t h e  
a b s o l u t e  t e m p e r a t u r e ,  a n d  E a  i s  t h e  a c t i v a t i o n  e n e r g y  w h i c h  c a n  b e  w r i t t e n  f o r  
C H C C  p r o c e s s  a s
m c .
E a  = -----------------  E g ,  2 . 5 . 3 )
m c - f  m h h
a n d  f o r  t h e  C H S H  p r o c e s s
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E a  =    — 1----------------( E g  -  E BO) ,  ( 2 . 5 . 4 )2 m hh +  m c- m /
a s s u m i n g  p a r a b o l i c  b a n d s  a n d  B o l t z m a n n  s t a t i s t i c s .  T h e r e f o r e ,  t h e  a c t i v a t i o n  e n ­
e r g y  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  v a l e n c e  b a n d  h e a v y - h o l e  e f f e c t i v e  m a s s .  T h u s ,  
i t  w a s  p r e d i c t e d  b y  A d a m s  [2 ]  t h a t  a  r e d u c t i o n  i n  r r i h h  d u e  t o  t h e  i n c o r p o r a t i o n  o f  
c o m p r e s s i v e  s t r a i n  i n t o  a  l a s e r  d e v i c e  w o u l d  r e d u c e  t h e  A u g e r  r e c o m b i n a t i o n  r a t e  
d u e  t o  a n  i n c r e a s e  i n  t h e  a c t i v a t i o n  e n e r g y  E a .
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I t  h a s  b e e n  e s t i m a t e d  t h a t  i n  1 . 5 / x r a  d e v i c e s  A R  i s  r e s p o n s i b l e  f o r  m o r e  t h a n  
8 0 %  o f  t h e  t o t a l  c u r r e n t  a t  r o o m  t e m p e r a t u r e [ 9 ]  i n  b o t h  l a t t i c e - m a t c h e d  a n d  
s t r a i n e d  d e v i c e s .  T h i s  w a s  o r i g i n a l l y  c o n s i d e r e d  t o  b e  d u e  t o  t h e  b a n d - t o - b a n d  
A R  i n  b o t h  b u l k  a n d  Q W  l a s e r  s t r u c t u r e s ,  h o w e v e r  r e c e n t  e x p e r i m e n t a l  e v i d e n c e  
s u g g e s t s  p h o n o n - a s s i s t e d  A u g e r  i s  t h e  d o m i n a n t  l o s s  m e c h a n i s m  i n  b o t h  l a t t i c e -  
m a t c h e d  a n d  s t r a i n e d  Q W  s t r u c t u r e s [ 1 0 , l l ] .  T h e  w o r k  p r e s e n t e d  i n  c h a p t e r  6  
s h o w s  t h a t  t h e  c a l c u l a t e d  b a n d  g a p  d e p e n d e n c e  o f  t h e  p h o n o n - a s s i s t e d  C H S H  p r o ­
c e s s  a g r e e s  w e l l  w i t h  t h e  r e s u l t s  o f  h i g h  p r e s s u r e  m e a s u r e m e n t s  i n d i c a t i n g  t h a t  t h i s  
i s  t h e  d o m i n a n t  l o s s  p r o c e s s  f o r  1 . 5 \ i m  l a s e r s .
2 .6  L i g h t - C u r r e n t  C u r v e
F i g .  2 . 5  s h o w s  t y p i c a l  o u t p u t  p o w e r  v e r s u s  i n j e c t i o n  c u r r e n t  o r  L - I  c u r v e  f o r  a  
s e m i c o n d u c t o r  l a s e r .  T h e  l i g h t  o u t p u t  f r o m  a  l a s e r  d i s p l a y s  a n  a b r u p t  c h a n g e  i n  
b e h a v i o u r  b e l o w  t h e  ’’ t h r e s h o l d ”  c o n d i t i o n  a n d  a b o v e  t h i s  c o n d i t i o n .  T w o  d i s t i n c t  
r e g i o n s ,  s e e  F i g .  2 . 5 ,  c a n  b e  i d e n t i f i e d  f o r  t h e  o p e r a t i o n  o f  t h e  l a s e r .  W h e n  t h e  
i n j e c t e d  c u r r e n t  i s  s m a l l ,  t h e  n u m b e r  o f  e l e c t r o n s  a n d  h o l e s  i n j e c t e d  a r e  s m a l l .  
A s  a  r e s u l t ,  t h e  g a i n  i n  t h e  d e v i c e  i s  t o o  s m a l l  t o  o v e r c o m e  t h e  c a v i t y  l o s s .  T h e  
p h o t o n s  t h a t  a r e  e m i t t e d  a r e  e i t h e r  a b s o r b e d  i n  t h e  c a v i t y  o r  l o s t  t o  t h e  o u t s i d e .  
T h u s ,  i n  t h i s  r e g i m e  t h e r e  i s  n o  b u i l d u p  o f  p h o t o n s  i n  t h e  c a v i t y .  H o w e v e r ,  a s  
t h e  c u r r e n t  i n c r e a s e s ,  m o r e  c a r r i e r s  a r e  i n j e c t e d  i n t o  t h e  d e v i c e  u n t i l  e v e n t u a l l y  
t h r e s h o l d  c o n d i t i o n  i s  s a t i s f i e d  f o r  s o m e  p h o t o n  e n e r g y .  A t  t h r e s h o l d ,  g a i n  e q u a l s  
l o s s  a n d  t h e  p h o t o n  n u m b e r  s t a r t s  t o  b u i l d u p  i n  t h e  c a v i t y .  A s  t h e  d e v i c e  i s  
f u r t h e r  b i a s e d  b e y o n d  t h r e s h o l d ,  s t i m u l a t e d  e m i s s i o n  s t a r t s  t o  o c c u r  a n d  d o m i n a t e s  
t h e  s p o n t a n e o u s  e m i s s i o n .  A  l o w  t h r e s h o l d  i s  i m p o r t a n t  b e c a u s e  i t  r e d u c e s  t h e  
i n p u t  e l e c t r i c a l  p o w e r  t h a t  i s  n o t  c o n v e r t e d  i n t o  l a s e r  r a d i a t i o n .  O v e r  a  n a r r o w  
c u r r e n t  r a n g e  i n  t h e  v i c i n i t y  o f  t h e  t h r e s h o l d  c u r r e n t ,  t h e  o u t p u t  p o w e r  j u m p s
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b y  s e v e r a l  o r d e r s  o f  m a g n i t u d e  a n d  t h e  s p e c t r a l  w i d t h  o f  t h e  e m i t t e d  r a d i a t i o n  
n a r r o w s  c o n s i d e r a b l y  b e c a u s e  o f  t h e  c o h e r e n t  n a t u r e  o f  s t i m u l a t e d  e m i s s i o n .
hh
Injection Current (mA)
F i g u r e  2 . 5 :  L i g h t - C u r r e n t  ( L - I )  c u r v e  o f  a  t y p i c a l  s e m i c o n d u c t o r  l a s e r .
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C h a p t e r  3  
S t r a i n e d - L a y e r  Q u a n t u m - W e l l  
L a s e r s
3.1 I n t r o d u c t i o n
T h e  i n t r o d u c t i o n  o f  q u a n t u m  w e l l s  i n t o  s e m i c o n d u c t o r  l a s e r  s t r u c t u r e s  h a s  d r a ­
m a t i c a l l y  i m p r o v e d  t h e i r  p e r f o r m a n c e  o v e r  c o m p a r a b l e  b u l k  d e v i c e s .  T h e  q u a n t u m  
w e l l s  r e s t r i c t  c a r r i e r  m o m e n t u m  a n d  m o t i o n  i n t o  t w o  d i m e n s i o n s  a s  w e l l  a s  s p a ­
t i a l l y  c o n f i n i n g  e l e c t r o n s  a n d  h o l e s  w i t h i n  t h e  s a m e  r e g i o n  o f  t h e  l a s e r  s t r u c t u r e .  
B o t h  t h e s e  e f f e c t s  i m p r o v e  t h e  r e c o m b i n a t i o n  p r o b a b i l i t y  a n d  t h u s  g r e a t l y  e n h a n c e  
l a s i n g  a c t i o n  [ 1 2 ] .
F u r t h e r m o r e ,  i t  w a s  t h e o r e t i c a l l y  p r e d i c t e d  [ 2 , 1 3 ]  t h a t  l a s e r  p r o p e r t i e s  s h o u l d  b e  
f u r t h e r  e n h a n c e d  b y  t h e  i n t r o d u c t i o n  o f  b i a x i a l  s t r a i n  i n t o  t h e  q u a n t u m  w e l l  l a y e r .  
D u r i n g  t h e  i n i t i a l  s t a g e s  o f  r e s e a r c h ,  m o s t  a t t e n t i o n  w a s  f o c u s e d  o n  c o m p r e s s i v e  
s t r a i n e d  q u a n t u m  w e l l  l a s e r s  b e c a u s e  i t  w a s  t h e o r e t i c a l l y  p r e d i c t e d  t h a t  t h e  d e v i c e  
p r o p e r t i e s ,  s u c h  a s  t h r e s h o l d  c u r r e n t  a n d  d i f f e r e n t i a l  g a i n ,  c a n  b e  i m p r o v e d  b y  
r e d u c i n g  t h e  v a l e n c e  b a n d  d e n s i t y  o f  s t a t e s  d u e  t o  c o m p r e s s i v e  s t r a i n  a p p l i e d  t o  
t h e  q u a n t u m  w e l l  a c t i v e  l a y e r s .  L a t e r ,  c o n t r a r y  t o  i n i t i a l  t h e o r e t i c a l  p r e d i c t i o n s ,  i t  
w a s  d e m o n s t r a t e d  t h a t  t e n s i l e  s t r a i n e d  q u a n t u m  w e l l  l a s e r s  h a v e  u n e x p e c t e d l y  h i g h  
p o t e n t i a l  f o r  i m p r o v i n g  t h e  d e v i c e  p r o p e r t i e s  w i t h  l o w e r  c u r r e n t  d e n s i t i e s  [ 1 4 , 1 5 ]
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M a n y  o f  t h e  b e n e f i t s  o f  s t r a i n e d  l a s e r s  a r e  d u e  t o  m o d i f i c a t i o n s  t o  t h e  v a l e n c e  
b a n d  s t r u c t u r e  o f  t h e  s e m i c o n d u c t o r ,  w h i c h  c a n  b e  s u m m a r i s e d  a s  f o l l o w s ;
1 )  S t r a i n  m o v e s  a p a r t  t h e  h e a v y - h o l e  a n d  l i g h t - h o l e  v a l e n c e  b a n d  s t a t e s ,  w h i c h  
c a n  r e d u c e  t h e  d e n s i t y  o f  s t a t e s  a t  t h e  t o p  o f  t h e  v a l e n c e  b a n d  a n d  a l l o w  o p t i c a l  
t r a n s p a r e n c y  a n d  t h e  l a s i n g  t h r e s h o l d  t o  b e  a c h i e v e d  a t  a  l o w e r  i n j e c t e d  c a r r i e r  
a n d  c u r r e n t  d e n s i t y .
2 )  S t r a i n  m o d i f i e s  t h e  t h r e e  d i m e n s i o n a l  s y m m e t r y  o f  t h e  w a v e  f u n c t i o n s  w h i c h  
e x i s t  i n  t h e  b u l k  c r y s t a l  a n d  m a t c h e s  t h e m  m o r e  e f f e c t i v e l y  t o  t h e  o n e  d i m e n s i o n a l  
s y m m e t r y  o f  t h e  l a s e r  b e a m .
T h e  i n t e n t i o n a l  i n c o r p o r a t i o n  o f  a  s i g n i f i c a n t  a m o u n t  o f  s t r a i n  d i s t o r t s  t h e  c u b i c  
s y m m e t r y  o f  t h e  c o m p o u n d  s e m i c o n d u c t o r  m a t e r i a l s .  S i n c e  t h e  e n e r g y  g a p  o f  t h e  
s e m i c o n d u c t o r  i s  r e l a t e d  t o  i t s  l a t t i c e  s p a c i n g ,  t h e  d i s t o r t i o n s  i n  t h e  c r y s t a l  l a t t i c e  
s h o u l d  a l s o  l e a d  t o  a l t e r a t i o n s  i n  t h e  b a n d  g a p  o f  t h e  s t r a i n e d  l a y e r .  T h e r e f o r e ,  
t h e  o p e r a t i n g  w a v e l e n g t h  c a n  b e  t u n e d  b y  s h i f t i n g  e n e r g y  l e v e l s  u s i n g  c o m b i n e d  
q u a n t u m  c o n f i n e m e n t  a n d  s t r a i n  e f f e c t s .  I n  a d d i t i o n  t o  b e i n g  a b l e  t o  c o v e r  a  w i d e r  
w a v e l e n g t h  r a n g e ,  l a s e r  d i o d e s  w i t h  s t r a i n  i n  t h e  a c t i v e  l a y e r s  w e r e  f o u n d  t o  b e  
m o r e  r e l i a b l e  [ 1 7 ] ,  t o  h a v e  l o w e r  t h r e s h o l d  c u r r e n t s  [ 1 8 ] ,  a n d  h i g h  o u t p u t  p o w e r s
[ 1 9 ] .  T h u s ,  s t r a i n e d - l a y e r  q u a n t u m  w e l l s  a r e  i n t e r e s t i n g  f o r  s e m i c o n d u c t o r  l a s e r  
a p p l i c a t i o n s  b e c a u s e  t h e y  a l l o w
1)  a  w i d e r  r a n g e  o f  m a t e r i a l  c o m b i n a t i o n s / w a v e l e n g t h s  a n d
2)  a  c e r t a i n  a m o u n t  o f  b a n d s t r u c t u r e  a n d  h e n c e  g a i n  e n g i n e e r i n g .
T h i s  c h a p t e r  c o n s i s t s  o f  t w o  p a r t s ;  ( 1 )  T h e  f i r s t  p a r t  b e g i n s  b y  i n t r o d u c i n g  t h e  
c o n c e p t  o f  s t r a i n e d  Q W  l a s e r s  a n d  s u m m a r i s e s  s o m e  o f  t h e  e f f e c t s  t h a t  c a u s e  Q W  
l a s e r s  w i t h  i n - b u i l t  s t r a i n  t o  h a v e  i m p r o v e d  p e r f o r m a n c e  o v e r  u n s t r a i n e d  d e v i c e s .
a n d  h ig h  t e m p e r a t u r e  o p e r a t io n  [1 6 ].
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T h e  c o n c e p t  o f  s t r a i n  d u e  t o  l a t t i c e  m i s m a t c h  i s  i n t r o d u c e d  b y  d i s c u s s i n g  h o w  
s t r a i n  i s  b u i l t  i n t o  a  s e m i c o n d u c t o r  d e v i c e  d u r i n g  e p i t a x i a l  g r o w t h .  T h e  e f f e c t  o f  
t h e  s t r a i n  o n  t h e  e l e c t r o n i c  p r o p e r t i e s  o f  s e m i c o n d u c t o r s  i s  s t u d i e d .  ( 2 )  T h e  s e c o n d  
p a r t  d e s c r i b e s  t h e  l a s e r  g a i n  t h e o r y  a n d  t h e  t h e o r e t i c a l  a n a l y s i s  a n d  p r o g r a m s  
w h i c h  a r e  u s e d  w h e n  i n v e s t i g a t i n g  l a s e r  g a i n  c h a r a c t e r i s t i c s  i n  t h e  r e s t  o f  t h e  
t h e s i s .
3.2 S t r a i n e d  Q u a n t u m - W e l l  L a s e r s
3.2.1 Ideal Laser B a n d  Structure
S i n c e  t h e  f i r s t  d e m o n s t r a t i o n  o f  c o n t i n u o s - w a v e  o p e r a t i o n  o f  a  s e m i c o n d u c t o r  l a s e r  
d i o d e  u s i n g  a  d o u b l e  h e t e r o s t r u c t u r e ,  t h e  i m p r o v e m e n t s  i n  l a s i n g  c h a r a c t e r i s t i c s  
h a v e  b e e n  m a d e  b y  u s i n g  v a r i o u s  a c t i v e  l a y e r  m a t e r i a l s  s u c h  a s  c o m p o u n d  s e m i ­
c o n d u c t o r s ,  m i x e d  c o m p o u n d s ,  a n d  s i n g l e -  a n d  m u l t i p l e - q u a n t u m  w e l l  ( S Q W  a n d  
M Q W )  s t r u c t u r e s .  I n  a  t y p i c a l  s e m i c o n d u c t o r  S Q W  l a s e r  d e v i c e ,  t h e  s e m i c o n d u c ­
t o r  s t r u c t u r e  h a s  a  c o n f i g u r a t i o n  a s  s h o w n  i n  F i g .  3 . 1 ,  w h e r e  t h e r e  a r e  s e p a r a t e  
c o n f i n i n g  s t r u c t u r e s  f o r  t h e  o p t i c a l  w a v e  a n d  f o r  t h e  e l e c t r o n i c  s t a t e s .  U n d e r  f o r ­
w a r d  b i a s  c o n d i t i o n s  e l e c t r o n s  a r e  i n j e c t e d  t h r o u g h  t h e  n - s i d e  s u b s t r a t e  a n d  h o l e s  
t h r o u g h  t h e  p - s i d e  s u r f a c e  l a y e r  a n d  a r e  t r a p p e d  i n  t h e  a c t i v e  l a y e r  d u e  t o  t h e  p r e s ­
e n c e  o f  t h e  p o t e n t i a l  w e l l .  T h e  a c t i v e  l a y e r  h a s  a  s m a l l e r  b a n d  g a p  t h a n  t h e  b a r r i e r  
a n d  b o t h  e l e c t r o n s  a n d  h o l e s  a r e  c o n s t r a i n e d  t o  m o v e  o n l y  i n  t w o  d i m e n s i o n s  i n  
t h e  a c t i v e  l a y e r .  T h i s  q u a n t u m  c o n f i n e m e n t  c a n  g i v e  r i s e  t o  s i g n i f i c a n t  m o d i f i c a ­
t i o n  o f  t h e  e n e r g y  b a n d  s t r u c t u r e  a n d  t h e  d e n s i t y  o f  s t a t e s  d i s t r i b u t i o n  i n  t h e s e  
m a t e r i a l s ,  a  f e a t u r e  t h a t  c a n  g r e a t l y  i m p r o v e  t h e  l a s e r  p e r f o r m a n c e .  T h e  e l e c t r o n s  
a n d  h o l e s  t r a p p e d  i n  t h e  a c t i v e  r e g i o n  r e c o m b i n e  w i t h  t h e  e m i s s i o n  o f  l i g h t .  T h e r e  
i s  t h e r e f o r e  a  v e r y  d i r e c t  c o n v e r s i o n  f r o m  e l e c t r i c a l  t o  o p t i c a l  p o w e r  l e a d i n g  t o  h i g h  
e f f i c i e n c y  a n d  t h e  p o s s i b i l i t y  o f  f a s t  m o d u l a t i o n .  H o w e v e r ,  t h e  b r o a d  e n e r g y  b a n d s
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i n  s e m i c o n d u c t o r s ,  w h i c h  m a k e  t h e  i n j e c t i o n  a n d  c a r r i e r  t r a n s p o r t  p o s s i b l e ,  a l s o  
a l l o w  t h e  h o l e s  a n d  e l e c t r o n s  t o  o c c u p y  a  w i d e  r a n g e  o f  e n e r g y  a n d  m o m e n t u m  
v a l u e s .  B u t  l a s i n g  t a k e s  p l a c e  a t  a  s h a r p l y  d e f i n e d  p h o t o n  e n e r g y  ( a t ,  o r  c l o s e  t o ,  
t h e  b a n d g a p  e n e r g y )  w h e r e  t h e  o p t i c a l  g a i n  i s  m a x i m i s e d ,  s o  o n l y  a  s m a l l  f r a c t i o n  
o f  t h e  t o t a l  i n j e c t e d  c a r r i e r  d e n s i t y  r e s u l t s  i n  l a s e r  g a i n .  T h e  r e a s o n s  f o r  t h i s  c a n  
b e  s e e n  b y  c o n s i d e r i n g  t h e  e n e r g y -  m o m e n t u m  d i s p e r s i o n  c u r v e s  f o r  a  t y p i c a l  b u l k  
”  d i r e c t - g a p ”  s e m i c o n d u c t o r ,  s e e  F i g .  3 . 2 .
c l a d d i n g  l a y e r s  
-  b a r r ie r  l a y e r s  - 
a c t i v e  r e g i o n
11
^ ___  o p t i c a l   ^
w a v e g u i d e
F i g u r e  3 . 1 :  T y p i c a l  b a n d  p r o f i l e  u s e d  f o r  s e p a r a t e  c o n f i n e m e n t  h e t e r o s t r u c t u r e  
( S C B [ )  q u a n t u m  w e l l  l a s e r s .  T h e  a c t i v e  r e g i o n  d i m e n s i o n s  i n  t h e  q u a n t u m  w e l l  
a r e  t y p i c a l l y  <  100A. E l e c t r o n s  a n d  h o l e s  a r e  c o n f i n e d  i n  t h e  q u a n t u m  w e l l  a c t i v e  
r e g i o n ,  w h i l e  t h e  o p t i c a l  f i e l d  i s  c o n f i n e d  d u e  t o  t h e  r e f r a c t i v e  i n d e x  s t e p  b e t w e e n  
t h e  b a r r i e r  a n d  c l a d d i n g  l a y e r s .
T h e  l o w e s t  c o n d u c t i o n  b a n d  i s  a p p r o x i m a t e l y  p a r a b o l i c  n e a r  t h e  z o n e  c e n t r e  
a n d  t h e  e l e c t r o n  d i s p e r s i o n  a t  s m a l l  k  c a n  b e  d e s c r i b e d  b y
m = e c + M l + ii), (3 .2 .1 )
Z m \| m ±
w h e r e  E c  i s  t h e  c o n d u c t i o n  b a n d  e d g e  e n e r g y ,  m jj  =  m *±  i n  t h e  u n s t r a i n e d  b a n d  
s t r u c t u r e ,  a n d  t h e  v a r i a t i o n  o f  m j |  a n d  m \  w i t h  s t r a i n  c a n  b e  p r e d i c t e d  b y  u s i n g  
k  • p  t h e o r y  a s  w i l l  b e  d e s c r i b e d  i n  s e c t i o n  3 . 4 . 2 .  T h e  l o w e s t  c o n d u c t i o n  b a n d
2 3
s t a t e s  a r e  m a d e  u p  o f  c o m b i n a t i o n s  o f  a t o m i c  s  s t a t e s  o n  n e i g h b o u r i n g  a t o m s  i n  
t h e  s o l i d .
c o n d u c t i o n  b a n d
m o m e n t u m
F i g u r e  3 . 2 :  B a n d  s t r u c t u r e  o f  a  d i r e c t - g a p  s e m i c o n d u c t o r .  W h e n  l a s i n g  o c c u r s  
e l e c t r o n s  i n  t h e  l o w e s t  c o n d u c t i o n  b a n d  s t a t e s  a n d  h o l e s  i n  t h e  h i g h e s t  v a l e n c e  
b a n d  s t a t e s  c o m b i n e  t o  g i v e  p h o t o n  e m i s s i o n .
B y  c o n t r a s t ,  t h e r e  a r e  t w o  d e g e n e r a t e  b a n d s  a t  t h e  v a l e n c e  b a n d  m a x i m u m ;  
n a m e l y ,  t h e  h e a v y - h o l e  a n d  l i g h t - h o l e  b a n d .  T h e  s p i n - s p l i t - o f f  b a n d  l i e s  a t  a n  
e n e r g y  E ao b e l o w  t h e  t w o  h i g h e s t  b a n d s .  T h e s e  t h r e e  h i g h e s t  v a l e n c e  b a n d s  a r e  
m a d e  u p  o f  c o m b i n a t i o n s  o f  a t o m i c  p  s t a t e s  o n  n e i g h b o u r i n g  a t o m s  i n  t h e  c r y s t a l
[ 2 0 ] .  T h e s e  s t a t e s  c a n  b e  d e s c r i b e d  b y  t h e  e i g e n s t a t e s  [ 2 1 , 2 2 ]
| S  T > .  1 5  i > ,  ( 3 . 2 . 2 )
! § > + § > = +  ( 3 . 2 . 3 )
! § > - § > =  (3.2.4)
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w h e r e  T a n d  j, a r e  s p i n  s t a t e s ,  S  h a s  a t o m i c  s - o r b i t a l  s y m m e t r y  a n d  X ,  Y ,  a n d  Z  
h a v e  p - o r b i t a l  s y m m e t r y .  T h e  P - s t a t e  b a s e s  o f  E q s .  ( 3 . 2 . 3  t o  3 . 2 . 8 )  a r e  w r i t t e n  
i n  ( J , M j )  r e p r e s e n t a t i o n .  T h e  S  s t a t e s  a r e  t h e  l o w e s t  c o n d u c t i o n  b a n d s ,  t h e  
| | ,  t i r f  >  a n d  | | , d b |  >  s t a t e s  a r e  t h e  h e a v y - h o l e  a n d  l i g h t - h o l e  t o p m o s t  v a l e n c e  
b a n d s  r e s p e c t i v e l y ,  a n d  t h e  | | , ± |  >  s t a t e s  a r e  t h e  s p l i t - o f f  b a n d .
A l t h o u g h  s e m i c o n d u c t o r s  a r e  a m o n g  t h e  m o s t  e f f i c i e n t  o f  l a s e r  m a t e r i a l s ,  t h i s  
t y p e  o f  u n s t r a i n e d  b a n d  s t r u c t u r e  i s  f a r  f r o m  t h e  i d e a l  s e m i c o n d u c t o r  l a s e r  b a n d  
s t r u c t u r e .  T h i s  i s  b e c a u s e ;
1)  T h e  c o n d u c t i o n  a n d  v a l e n c e  b a n d s  h a v e  d i f f e r e n t  s h a p e s .  T h e  c o n d u c t i o n  
b a n d  e f f e c t i v e  m a s s  m *  i s  s m a l l  i n  d i r e c t - g a p  I I I - V  s e m i c o n d u c t o r s ,  w h i l e  t h e  h i g h ­
e s t  ( h e a v y - h o l e )  v a l e n c e  b a n d  h a s  a  l a r g e  e f f e c t i v e  m a s s ,  l e a d i n g  t o  a  l a r g e  h o l e  
d e n s i t y  t o  a c h i e v e  a  p o p u l a t i o n  i n v e r s i o n  a n d  t h e n  t o  a d e q u a t e l y  f i l l  t h e  l a s i n g  
s t a t e s .  I f  t h e  c o n d u c t i o n  a n d  v a l e n c e  b a n d s  h a d  m o r e  s i m i l a r  s h a p e s ,  e a c h  o f  l o w  
m a s s ,  a  l o w e r  d e n s i t y  o f  b o t h  h o l e s  a n d  e l e c t r o n s ,  w h i c h  m u s t  b e  e q u a l  t o  m a i n t a i n  
c h a r g e  n e u t r a l i t y ,  w o u l d  b e  r e q u i r e d .
2 )  I n  b u l k  l a s e r s ,  c u b i c  s y m m e t r y  m e a n s  t h a t  t h e  h o l e s  a r e  d i s t r i b u t e d  e q u a l l y  
b e t w e e n  p x , p y , a n d  p z  s t a t e s  a n d  a r e  e q u a l l y  l i k e l y  t o  p r o d u c e  l i g h t  w h i c h  i s  
p o l a r i s e d  i n  t h e  x ,  y  o r  z  d i r e c t i o n s .  T h e r e f o r e  o n l y  o n e  i n  t h r e e  h o l e s  a r e  i n  t h e
r i g h t  p o l a r i s a t i o n  s t a t e  t o  c o n t r i b u t e  t o  t h e  l a s i n g  m o d e ,  e . g . ,  t h o s e  i n  t h e  p y  s t a t e s  
c a n  r e c o m b i n e  t o  e m i t  l i g h t  a l o n g  t h e  l a s e r  c a v i t y  w i t h  t h e  r e q u i r e d  p o l a r i z a t i o n ,  
e . g . ,  i n  t h e  T E  m o d e .
3 )  T h e  h e a v y  a n d  l i g h t  h o l e  b a n d s  a r e  d e g e n e r a t e  a t  t h e  v a l e n c e  b a n d  m a x i m u m ,  
t h u s  b o t h  b a n d s  w i l l  e x p e r i e n c e  a  p o p u l a t i o n  i n v e r s i o n .  W h i l e  t h e  c a r r i e r  d e n s i t y  
i n  t h e  l i g h t  h o l e  b a n d  i s  m u c h  s m a l l e r  t h a n  t h a t  i n  t h e  h e a v y - h o l e  b a n d ,  t h e  c a r r i e r  
r e c o m b i n a t i o n  l i f e t i m e  i s  s h o r t e r  [ 2 3 ]  a n d  t h e  t w o  b a n d s  m a k e  a p p r o x i m a t e l y  e q u a l  
c o n t r i b u t i o n s  t o  t h e  r a d i a t i v e  c u r r e n t  d e n s i t y ,  a l t h o u g h  o n l y  o n e  p r e d o m i n a n t l y  
p r o v i d e s  s t i m u l a t e d  e m i s s i o n  t o  t h e  l a s e r  b e a m .
b)
Hole energy Electron energy
F i g u r e  3 . 3 :  B a n d  e d g e  t r a n s p a r e n c y  c o n d i t i o n  ( E f c —  E f v =  E g )  i l l u s t r a t e d  f o r  t w o  
c a s e s  o f  b u l k  m a t e r i a l .  T h e  c a r r i e r  f i l l i n g  o f  e a c h  b a n d  i s  s h o w n  b y  t h e  s h a d e d  
a r e a  b e t w e e n  t h e  F e r m i  f u n c t i o n  a n d  t h e  d e n s i t y  o f  s t a t e s ,  f h  i s  t h e  h o l e  F e r m i  
f u n c t i o n  w h i c h  i s  e q u a l  t o  ( 1  — / „ )  a n d  f C)V i s  t h e  F e r m i  f u n c t i o n  o f  t h e  e l e c t r o n  i n  
t h e  c o n d u c t i o n -  a n d  v a l e n c e - b a n d ,  r e s p e c t i v e l y .
I t  i s  u s e f u l  t o  c o n s i d e r  t h e  s i t u a t i o n  a t  t r a n s p a r e n c y  i n  a  s e m i c o n d u c t o r  l a s e r  
t o  e x a m i n e  t h e  p r o b l e m  o f  t h e  e n e r g y  s p r e a d  o f  t h e  e l e c t r o n s .  T h e  B e r n a r d -
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D u r a f f o u r g  c o n d i t i o n  t e l l s  u s  t h a t  t r a n s p a r e n c y  o c c u r s  w h e n  t h e  q u a s i - F e r m i  l e v e l s  
f o r  h o l e s  a n d  f o r  e l e c t r o n s  a r e  s e p a r a t e d  b y  m o r e  t h a n  t h e  b a n d  g a p  e n e r g y  [ 8 ] ,  
H o w e v e r ,  i n  a  b u l k  I I I - V  s e m i c o n d u c t o r ,  t h e  c o n d u c t i o n  b a n d  h a s  a  l o w  e f f e c t i v e  
m a s s  m c , w h e r e a s ,  a s  s t a t e d  a b o v e ,  t h e  h i g h e s t  v a l e n c e  b a n d  i s  a l w a y s  h e a v y -  
h o l e - l i k e ,  w i t h  a  l a r g e  e f f e c t i v e  m a s s  T h i s  c a u s e s  t h e  q u a s i - F e r m i  l e v e l  f o r
h o l e s ,  E f v  t o  m o v e  d o w n w a r d s  m u c h  m o r e  s l o w l y  t h a n  E f c m o v e s  u p w a r d s  a s  t h e  
i n j e c t e d  c a r r i e r  d e n s i t y  i s  i n c r e a s e d .  T h u s  E f c i s  w e l l  i n t o  t h e  c o n d u c t i o n  b a n d  
b e f o r e  E f v  h a s  r e a c h e d  t h e  v a l e n c e  b a n d  e d g e  a s  s h o w n  i n  F i g .  3 . 3 ( a ) .  I f  i t  w e r e  
p o s s i b l e  t o  m a k e  t h e  d e n s i t i e s  o f  s t a t e s  o f  t h e  c o n d u c t i o n  a n d  v a l e n c e  b a n d s  e q u a l ,  
t r a n s p a r e n c y  w o u l d  b e  a c h i e v e d  a s  E f c  a n d  E j v  s i m u l t a n e o u s l y  c r o s s  t h e  b a n d  
e d g e s ,  F i g .  3 . 3 ( b ) ,  a n d  t h e  c a r r i e r s  w o u l d  o n l y  b e  s p r e a d  i n  e n e r g y  b y  t h e r m a l  
e f f e c t s :  t h i s  i s  t h e  i d e a l  c a s e .
A d a m s  [2 ]  s t a t e d  t h a t  a n  i d e a l  s e m i c o n d u c t o r  l a s e r  s h o u l d  h a v e  c o n d u c t i o n  a n d  
v a l e n c e  b a n d s  w h i c h  a r e  m i r r o r  r e f l e c t i o n s  o f  o n e  a n o t h e r  a b o u t  t h e  c e n t r e  o f  t h e  
b a n d - g a p .  E x t e n d i n g  t h e  a b o v e  s t a t e m e n t ,  t h e  f o l l o w i n g  p o i n t s  f o r m  t h e  b a s i c  
d e f i n i t i o n  o f  a n  i d e a l  s e m i c o n d u c t o r  l a s e r :
( 1 )  T h e  e x i s t e n c e  o f  o n l y  o n e  b a n d  a t  t h e  t o p  o f  t h e  v a l e n c e  b a n d .
( 2 )  A  v a l e n c e  b a n d  d i s p e r s i o n  w h i c h  i s  a  m i r r o r  i m a g e  o f  t h e  c o n d u c t i o n  b a n d  
a n d  w i t h  a n  a s s o c i a t e d  e f f e c t i v e  m a s s  a s  s m a l l  a s  p o s s i b l e .  T h i s  s e r v e s  t o  m i n i m i s e  
b o t h  t h e  c a r r i e r  a n d  c u r r e n t  d e n s i t y  r e q u i r e d  f o r  p o p u l a t i o n  i n v e r s i o n  a n d  m a x i m i s e  
t h e  d i f f e r e n t i a l  g a i n .
( 3 )  T h e  u p p e r  v a l e n c e  b a n d  s t a t e s  h a v i n g  1 - D  s y m m e t r y .  T h i s  e n s u r e s  t h a t  
r e c o m b i n i n g  c a r r i e r s  e m i t  p h o t o n s  i n  o n e  p o l a r i s a t i o n  o n l y .
T h e s e  c o n d i t i o n s  c a n  b e  p r o v i d e d  b y  t h e  i n t r o d u c t i o n  o f  s t r a i n  i n  t h e  q u a n t u m  
w e l l  l a y e r .  C o m p r e s s i v e  s t r a i n  c a n  l e a d  t o  a  c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  h o l e  m a s s
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[ 2 4 , 2 5 ]  a n d  h e n c e  i n  t h e  d e n s i t y  o f  s t a t e s  a t  t h e  t o p  o f  t h e  v a l e n c e  b a n d  [ 9 , 2 5 ] ,  s o  
t h a t  t h e  l a s e r  c h a r a c t e r i s t i c s  m a y  t h e n  a p p r o a c h  t h o s e  o f  t h e  i d e a l  s e m i c o n d u c t o r .  
I n  a d d i t i o n ,  w h e n  a  l a y e r  i s  g r o w n  i n  a  s t a t e  o f  s t r a i n ,  b o t h  t h e  c u b i c  s y m m e t r y  
o f  t h e  l a t t i c e  a n d  t h e  d e g e n e r a c y  o f  t h e  s o - c a l l e d  h e a v y -  a n d  l i g h t - h o l e  b a n d s  a r e  
r e m o v e d .  T h i s  c a n  b e  u s e d  t o  s e l e c t i v e l y  e n g i n e e r  t h e  s t a t e s  a t  t h e  v a l e n c e  b a n d  
m a x i m u m  s o  t h a t  a l m o s t  a l l  t h e  i n j e c t e d  h o l e s  a r e  i n  s t a t e s  o f  t h e  c o r r e c t  s y m m e t r y  
t o  t a k e  p a r t  i n  t h e  l a s i n g  a c t i o n  [ 2 6 , 2 7 , 2 8 ]  w h i c h  b r i n g s  a  s o l u t i o n  t o  t h e  a b o v e  
p r o b l e m s .
3.2.2 Strain T h e o r y
S e m i c o n d u c t o r  h e t e r o s t r u c t u r e s  c a n  b e  g r o w n  e p i t a x i a l l y  w i t h  t w o  m a t e r i a l s  t h a t  
a r e  n o t  p e r f e c t l y  l a t t i c e - m a t c h e d ,  p r o v i d e d  t h i s  m i s m a t c h  i s  n o t  t o o  l a r g e .  T o o  
l a r g e  a  m i s m a t c h  m a y  p r e v e n t  e p i t a x i a l  g r o w t h  a l t o g e t h e r  o r  l e a d  t o  f r a c t u r e s  a n d  
u n d e s i r a b l e  e f f e c t s .  T h e  w o r k  o f  M a t t h e w s  a n d  B l a k e s l e e  [ 2 9 ]  d e m o n s t r a t e d  t h a t  
c a r e f u l  g r o w t h  o f  a n  e p i t a x i a l  l a y e r  w h o s e  l a t t i c e  c o n s t a n t  i s  c l o s e ,  b u t  n o t  e q u a l ,  
t o  t h e  l a t t i c e  c o n s t a n t  o f  t h e  s u b s t r a t e  c a n  r e s u l t  i n  a  c o h e r e n t  s t r a i n .  T h e  l a t t i c e  
c o n s t a n t  o f  t h e  e p i t a x i a l  l a y e r  i n  t h e  d i r e c t i o n s  p a r a l l e l  t o  t h e  i n t e r f a c e  i s  t h e n  
f o r c e d  t o  b e  e q u a l  t o  t h e  l a t t i c e  c o n s t a n t  o f  t h e  s u b s t r a t e .  T h e  l a t t i c e  c o n s t a n t  
o f  t h e  e p i t a x i a l  l a y e r  p e r p e n d i c u l a r  t o  t h e  s u b s t r a t e  w i l l  t h e n  b e  c h a n g e d  b y  t h e  
P o i s s o n  e f f e c t .  I f  t h e  p a r a l l e l  l a t t i c e  c o n s t a n t  i s  f o r c e d  t o  s h r i n k ,  o r  a  c o m p r e s s i v e  
s t r a i n  i s  a p p l i e d ,  t h e  p e r p e n d i c u l a r  l a t t i c e  c o n s t a n t  w i l l  g r o w .  C o n v e r s e l y ,  i f  t h e  
p a r a l l e l  l a t t i c e  c o n s t a n t  o f  t h e  e p i t a x i a l  l a y e r  i s  f o r c e d  t o  e x p a n d  u n d e r  t e n s i l e  
s t r a i n ,  t h e  p e r p e n d i c u l a r  l a t t i c e  c o n s t a n t  w i l l  s h r i n k .  T h e s e  t w o  c a s e s  a r e  d e p i c t e d  
i n  F i g .  3 . 4 .
F o r  s y s t e m s  o f  i n t e r e s t  i n  t h e  p r e s e n t  w o r k ,  t h e  s e m i c o n d u c t o r  e p i l a y e r  i s  b i -  
a x i a l l y  s t r a i n e d  i n  t h e  p l a n e  o f  t h e  s u b s t r a t e ,  b y  a n  a m o u n t  e y ,  a n d  u n i a x i a l l y
28
s t r a i n e d  i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n ,  b y  a n  a m o u n t  e ± .  F o r  a  t h i c k  s u b s t r a t e ,  
t h e  i n - p l a n e  s t r a i n  o f  t h e  e p i l a y e r  i s  d e t e r m i n e d  f r o m  t h e  b u l k  l a t t i c e  c o n s t a n t s  o f  
t h e  s u b s t r a t e  m a t e r i a l ,  a n d  t h e  l a y e r  m a t e r i a l ,  a e :
a° ie\\ = ---- 1-1 aP ( 3 . 2 . 9 )
F o r  a e >  a g , i . e . ,  £ y  <  0 ,  t h e  e p i t a x i a l  l a y e r  i s  u n d e r  b i a x i a l  c o m p r e s s i v e  s t r a i n ,  
w h i l e  f o r  a g >  o e , t h e  s t r a i n  i s  t e n s i l e .
a
Mis-matched
layer
Substrate
■ x(y)
(a) Compressively Strained Layer (b) Tensile Strained Layer
F i g u r e  3 . 4 :  A  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  g r o w t h  o f  ( a )  a  c o m p r e s s i v e l y
s t r a i n e d  l a y e r  i n  w h i c h  t h e  t h e  b u l k  l a t t i c e  c o n s t a n t  o f  t h e  o v e r l a y e r  i s  l a r g e r  
t h a n  t h a t  o f  t h e  s u b s t r a t e ,  a n d  ( b )  a  t e n s i l e  s t r a i n e d  l a y e r  i n  w h i c h  t h e  l a t t i c e  
c o n s t a n t  o f  t h e  o v e r l a y e r  i s  s m a l l e r  t h a n  t h a t  o f  t h e  s u b s t r a t e .  T h e  o v e r l a y e r  m u s t  
m a t c h  t h e  i n - p l a n e  l a t t i c e  c o n s t a n t  o f  t h e  s u b s t r a t e .
S i n c e  t h e  l a y e r  i s  s u b j e c t  t o  n o  s t r e s s  i n  t h e  p e r p e n d i c u l a r  d i r e c t i o n ,  t h e  p e r ­
p e n d i c u l a r  s t r a i n  £ _ l ,  w h e n  t h e  l a y e r  i s  g r o w n  a l o n g  t h e  ( 0 0 1 )  d i r e c t i o n ,  i s  s i m p l y  
p r o p o r t i o n a l  t o  e j j , a n d  i s  g i v e n  b y  
2 a
£j_ =
a elh ( 3 .2 .1 0 )
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w h e r e  t h e  c o n s t a n t  cr i s  k n o w n  a s  P o i s s o n ’s  r a t i o  w h i c h  i s  g i v e n  a s
'  =  ( 3 -2 -n )
T h e  q u a n t i t i e s  C i j  a r e  t h e  e l a s t i c  m o d u l i  o r  e l a s t i c  s t i f f n e s s  c o n s t a n t s .  P o i s s o n ’s  
r a t i o  i s  a p p r o x i m a t e l y  |  f o r  t e t r a h e d r a l  s e m i c o n d u c t o r s  [ 3 0 ]  s o  t h a t  e ±  «  ~ e ||* 
S i n c e  t h e r e  i s  n o  s t r e s s  i n  t h e  g r o w t h  d i r e c t i o n  i t  c a n  b e  s i m p l y  s h o w n  f o r  a  
s t r a i n e d  l a y e r  g r o w n  o n  a n  ( 0 0 1 )  s u b s t r a t e  [ 3 1 , 3 2 ]  t h a t  t h e  d i f f e r e n t  c o m p o n e n t s  
o f  t h e  s t r a i n  t e n s o r  a r e  g i v e n  b y
£ x x  =  £ | | j  £ y y  ~  & zz ~  £_L* ( 3 . 2 . 1 2 )
S x y  =  o ,  e y z  =  0 ,  e z x  =  0 .  ( 3 . 2 . 1 3 )
I t  i s  i m p o r t a n t  t o  n o t e  t h a t  f o r  ( 0 0 1 )  g r o w t h ,  t h e  s t r a i n  t e n s o r  i s  d i a g o n a l  w h i l e  
f o r  n o n - ( 0 0 1 )  d i r e c t i o n s ,  t h e  s t r a i n  t e n s o r  h a s  n o n d i a g o n a l  t e r m s .  T h e  n o n d i a g o n a l  
t e r m s  c a n  b e  e x p l o i t e d  t o  p r o d u c e  b u i l t - i n  e l e c t r i c  f i e l d s  i n  c e r t a i n  h e t e r o s t r u c t u r e s  
a s  w i l l  b e  d i s c u s s e d  i n  c h a p t e r  7 .
T h e  t o t a l  s t r a i n  c a n  b e  r e s o l v e d  i n t o  a  p u r e l y  a x i a l  c o m p o n e n t ,  e a x
£ a x  =  e_L — £\\ ~  — 2 e | | ,  ( 3 . 2 . 1 4 )
a n d  a  h y d r o s t a t i c  c o m p o n e n t  £ v o i ( =  / S V / V )
&vol — £ x x  "b £ y y  “t" £ z z  —  ®||* ( 3 . 2 . 1 5 )
T h e r e f o r e ,  t h e r e  a r e  t w o  t y p e s  o f  m o d i f i c a t i o n s  t h a t  o c c u r  i n  t h e  s t r a i n e d  l a y e r .  
T h e  f i r s t  e f f e c t  i s  d u e  t o  a  c h a n g e  i n  t h e  v o l u m e  o f  t h e  u n i t  c e l l ,  k n o w n  a s  t h e  
h y d r o s t a t i c  c o m p o n e n t ,  w h i c h  g i v e  r i s e  t o  a  c h a n g e  i n  t h e  m e a n  b a n d g a p  A j E g  b y  
a n  a m o u n t
A  E g  —  ( a c -  a v ) e v o h  ( 3 . 2 . 1 6 )
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w h e r e  a c a n d  a v  a r e  t h e  h y d r o s t a t i c  d e f o r m a t i o n  p o t e n t i a l  o f  t h e  c o n d u c t i o n -  a n d  
v a l e n c e - b a n d ,  r e s p e c t i v e l y .  a v  d e s c r i b e s  t h e  s h i f t  o f  t h e  a v e r a g e  v a l e n c e  b a n d  e n ­
e r g y  a n d  a c  d e s c r i b e s  t h e  s h i f t  o f  t h e  c o n d u c t i o n  b a n d  e n e r g y .  T h e  s e c o n d ,  m o r e  
i m p o r t a n t  e f f e c t ,  i s  d u e  t o  t h e  t e t r a g o n a l  d e f o r m a t i o n  o f  t h e  c u b i c  c r y s t a l ,  k n o w n  
a s  t h e  s h e a r  c o m p o n e n t ,  w h i c h  s p l i t s  t h e  h e a v y - h o l e  a n d  l i g h t - h o l e  b a n d s  a t  t h e  
k  =  0  p o i n t  p u s h i n g  t h e m  i n  o p p o s i t e  d i r e c t i o n s  f r o m  t h e  c e n t r e  b y  a n  a m o u n t
S  =  - b e c ( 3 . 2 . 1 7 )
w h e r e  b  i s  t h e  a x i a l  d e f o r m a t i o n  p o t e n t i a l  [ 3 0 ] ,  F o r  c o m p r e s s i v e  s t r a i n ,  t h e  h e a v y -  
h o l e  l e v e l s  a r e  b r o u g h t  t o  t h e  t o p  o f  t h e  v a l e n c e  b a n d  w h i l e  t e n s i l e  s t r a i n  b r i n g s  
t h e  l i g h t - h o l e  l e v e l s  t o  t h e  t o p  o f  t h e  v a l e n c e  b a n d .  A  p o s i t i v e  v a l u e  o f  t h e  S  
c o r r e s p o n d s  t o  b i a x i a l  c o m p r e s s i v e  s t r a i n ,  a n d  a  n e g a t i v e  v a l u e  o f  S  t o  b i a x i a l  
t e n s i l e  s t r a i n .
biaxial tensile strain unstrained biaxial compressive strain
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F i g u r e  3 . 5 :  S c h e m a t i c  d i a g r a m  o f  e n e r g y  b a n d s  i n  a  s e m i c o n d u c t o r  q u a n t u m  w e l l  
n e a r  t h e  B r i l l o u i n  z o n e  c e n t r e ;  u n s t r a i n e d  ( c e n t r e ) ,  u n d e r  c o m p r e s s i v e  b i a x i a l  s t r a i n  
( r i g h t ) ,  a n d  u n d e r  b i a x i a l  t e n s i l e  s t r a i n  ( l e f t ) .  k ±  r e p r e s e n t s  t h e  g r o w t h  d i r e c t i o n  
w a v e v e c t o r ,  w h i l e  t h e  &|| r e p r e s e n t s  t h e  i n - p l a n e  w a v e v e c t o r .
F i g .  3 . 5  i s  a  s c h e m a t i c  d i a g r a m  o f  t h e  e n e r g y  b a n d s  i n  a  z i n c  b l e n d e  s e m i c o n ­
d u c t o r  w i t h  c o m b i n e d  q u a n t u m  c o n f i n e m e n t  a n d  s t r a i n  e f f e c t s .  T h e  e f f e c t  o f  q u a n ­
t i z a t i o n  o n  t h e  g r o u n d  s t a t e  e n e r g y  l e v e l s  i n  a  Q W  i s  i n d i c a t e d  b y  t h e  h o r i z o n t a l  
l i n e s  i n  t h e  d i r e c t i o n  p e r p e n d i c u l a r  t o  t h e  e p i t a x i a l  l a y e r s .  I n  t h e  u n s t r a i n e d  c a s e
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( c e n t r e  o f  F i g .  3 . 5 ) ,  t h e  q u a n t u m  e f f e c t  a l o n e  r e s u l t s  i n  t h e  h e a v y - h o l e  | § , ± §  >  
s t a t e  b e i n g  t h e  h i g h e s t  v a l e n c e  b a n d  s t a t e  a n d  t h e  e n e r g y  d i f f e r e n c e  b e t w e e n  t h e  
l i g h t - h o l e  | | ,  ± |  >  a n d  h e a v y - h o l e  b a n d s  v a r i e s  w i t h  t h e  d e p t h  a n d  w i d t h  L z  o f  t h e  
w e l l s .  T h e  l o w e s t  e n e r g y  t r a n s i t i o n  w h i c h  d o m i n a t e s  i n  t h e  o p t i c a l  s p e c t r a  o f  s u c h  
s t r u c t u r e s  i s  f r o m  t h e  c o n d u c t i o n  b a n d  t o  t h e  h i g h e s t  v a l e n c e  b a n d  s t a t e .  I n  a d d i ­
t i o n  t o  a l t e r i n g  t h e  b a n d g a p  e n e r g y  a n d  s h a p e s  o f  t h e  v a l e n c e  b a n d s ,  b i a x i a l  s t r a i n  
a l s o  l i f t s  t h e  l i g h t -  a n d  h e a v y - h o l e  d e g e n e r a c y  a t  t h e  z o n e  c e n t r e  o f  b u l k  s e m i c o n ­
d u c t o r s .  C o m p r e s s i v e  s t r a i n  i n c r e a s e s  t h e  b a n d g a p  a n d  p u t s  t h e  h e a v y - h o l e  b a n d  
a b o v e  t h e  l i g h t - h o l e  b a n d ,  w h i c h  i s  s i m i l a r  t o  t h e  e f f e c t  o f  q u a n t u m  c o n f i n e m e n t .  
T h e r e f o r e ,  a  c o m b i n a t i o n  o f  c o m p r e s s i v e  s t r a i n  a n d  q u a n t u m  e f f e c t s  m a i n t a i n s  t h e  
p o s i t i o n  o f  t h e  h e a v y - h o l e  a s  t h e  h i g h e s t  v a l e n c e  b a n d  s t a t e  ( r i g h t  s i d e  o f  F i g .  3 . 5 )  
w i t h  a  r e d u c e d  h e a v y - h o l e  s u b b a n d  m a s s  a l o n g  t h e  d i r e c t i o n .  O n  t h e  o t h e r  
h a n d ,  t e n s i l e  s t r a i n  d e c r e a s e s  t h e  b a n d g a p  a n d  c a n  l i f t  t h e  l i g h t - h o l e  a b o v e  t h e  
h e a v y - h o l e  ( l e f t  s i d e  o f  F i g .  3 . 5 ) ,  w h i c h  i s  o p p o s i t e  t o  t h e  q u a n t u m  c o n f i n e m e n t  
e f f e c t .  T h e n ,  t h e  l o w e s t  e n e r g y  o p t i c a l  t r a n s i t i o n s  a r e  b e t w e e n  t h e  c o n d u c t i o n  
b a n d  a n d  t h e  l i g h t - h o l e  b a n d .  U n d e r  t e n s i l e  s t r a i n ,  t h e  m a s s  a l o n g  g r o w t h  d i ­
r e c t i o n  i s  r e d u c e d  l e a d i n g  a  l a r g e  s p l i t t i n g  b e t w e e n  t h e  l i g h t - h o l e  s u b b a n d s  i n  t h e  
q u a n t u m  w e l l  s t r u c t u r e .  A  c o m b i n a t i o n  o f  t e n s i l e - s t r a i n  a n d  q u a n t u m  c o n f i n e m e n t  
t h u s  r e s u l t s  i n  e i t h e r  t h e  h e a v y - h o l e  b e i n g  t h e  h i g h e s t  v a l e n c e  b a n d  s t a t e ,  d e g e n ­
e r a t e  l i g h t - h o l e  a n d  h e a v y - h o l e  s t a t e s ,  o r  t h e  l i g h t - h o l e  b e i n g  t h e  h i g h e s t  s t a t e ,  
d e p e n d i n g  o n  t h e  r e l a t i v e  s t r e n g t h s  o f  t h e  t w o  e f f e c t s .
3.2.3 Density of states
W e  h a v e  s e e n  p r e v i o u s l y  i n  s e c t i o n  3 . 2 . 1  h o w  t o  r e s t r i c t  c a r r i e r s  f r o m  h a v i n g  a  w i d e  
r a n g e  o f  d i f f e r e n t  m o m e n t a  b y  t r a p p i n g  t h e  c a r r i e r s  i n  l o w  e n e r g y  s t a t e s  i n  t h i n  
l a y e r s ,  i . e .  i n  Q W s .  B o t h  t h e  e l e c t r o n s  a n d  h o l e s  t h e n  f a l l  i n t o  t h e  q u a n t u m  w e l l s
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a n d  a r e  c o n s t r a i n e d  t o  m o v e  o n l y  i n  t w o  d i m e n s i o n s ,  i n  t h e  a c t i v e  l a y e r  ( Q W ) .  T h i s  
l i m i t a t i o n  o f  t h e  m o t i o n  o f  t h e  e l e c t r o n  t o  t w o  d i m e n s i o n s  d r a m a t i c a l l y  m o d i f i e s  
t h e  e l e c t r o n  e n e r g y  s p e c t r u m ,  l e a d i n g  t o  a n  e n h a n c e m e n t  o f  t h e  d e n s i t y  o f  s t a t e s  
n e a r  t h e  b a n d  e d g e  a s  i l l u s t r a t e d  s c h e m a t i c a l l y  i n  F i g .  3 . 6  w i t h  t h e  d e n s i t y  o f
s t a t e s  p e r  u n i t  v o l u m e  b e i n g  g i v e n  b y  [5 ]
( 3 . 2 . 1 8 )
( 3 . 2 . 1 9 )
f o r  t h e  c a s e  o f  b u l k  a n d  q u a n t u m  w e l l ,  r e s p e c t i v e l y ,  w h e r e  m *  i s  t h e  e f f e c t i v e  m a s s  
o f  t h e  c a r r i e r .
A n  i n t e r e s t i n g  p o i n t  t o  n o t e  f r o m  F i g .  3 . 6  i s  t h a t  t h e  m i n u m u m  e n e r g y  l e v e l  
s u b b a n d  f o r  t h e  Q W  i s  a l w a y s  h i g h e r  t h a n  i n  t h e  b u l k  c a s e  d u e  t o  t h e  c o n f i n e m e n t  
e n e r g y .  T h e  p o s i t i o n  o f  t h e  s u b b a n d s  v a r i e s  s t r o n g l y  w i t h  t h e  w i d t h  o f  t h e  Q W ,  
a n d  t h i s  f a c t o r  e n a b l e s  Q W  l a s e r s  t o  b e  p r o d u c e d  w i t h  t h e  s a m e  c o m p o s i t i o n  b u t  
d i f f e r e n t  w a v e l e n g t h s  s i m p l y  b y  c h a n g i n g  t h e  w e l l - w i d t h .
A s  t h e  d i m e n s i o n a l i t y  i s  r e d u c e d  f r o m  3 D  t o  2 D ,  a  g r e a t e r  p r o p o r t i o n  o f  t h e  
i n j e c t e d  c a r r i e r s  c a n  b e  s e e n  i n  s t a t e s  c o n t r i b u t i n g  t o  b a n d  e d g e  p o p u l a t i o n  i n ­
v e r s i o n ,  d u e  t o  t h e  s t e p - l i k e  d e n s i t y  o f  s t a t e s  ( F i g .  3 . 6 ) .  H o w e v e r ,  t h e  s i t u a t i o n  
i s  s t i l l  f a r  f r o m  t h e  i d e a l .  T h e  c o n d u c t i o n  a n d  v a l e n c e  b a n d  d e n s i t y  o f  s t a t e s  i n  
a n  u n s t r a i n e d  Q W  i s  s h o w n  s c h e m a t i c a l l y  i n  F i g .  3 . 7 ( a ) .  I t  i s  c l e a r  f r o m  t h e  
f i g u r e  t h a t  t h e  v a l e n c e  b a n d  d e n s i t y  o f  s t a t e  i s  m u c h  l a r g e r  t h a n  t h a t  o f  t h e  c o n ­
d u c t i o n  b a n d .  U n d e r  u s u a l  p u m p i p g  c o n d i t i o n s ,  t h e  i n v e r s i o n  i s  m u c h  s m a l l e r  
i n  t h e  v a l e n c e  b a n d  t h a n  i n  t h e  c o n d u c t i o n  b a n d  a s  s h o w n  i n  F i g .  3 . 7 ( a )  ( i . e . ,  
f v ( E v )  < <  f c ( E c ) ,  t h e r e f o r e  E f v  i s  q u i t e  a b o v e  t h e  c o n f i n e d  v a l e n c e  l e v e l s ) .  T h i s  
a r i s e s  f r o m  t h e  m a n y  n e a r b y  v a l e n c e  l e v e l s  ( c o n f i n e m e n t  e n e r g y  f o r  h o l e s  i s  s m a l l
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d u e  t o  t h e  r a t h e r  l a r g e  h e a v y - h o l e  m a s s )  w i t h  h i g h  d e n s i t y  o f  s t a t e ,  w h i c h  l e a d  t o  
s m a l l e r  o c c u p a n c y  f a c t o r s  f v ( E )  i n  o r d e r  t o  s a t i s f y  t h e  n e u t r a l i t y  c o n d i t i o n s :
N  =  J  p c ( E ) f c ( E ) d E  =  E / ^ ( 1 -  / . ( B ) )  d E , ( 3 . 2 . 2 0 )
w h e r e  t h e  s u m m a t i o n  i s  c a r r i e d  o v e r  a l l  v a l e n c e  b a n d s  l a b e l l e d  j ,  w h i l e  c o n s i d e r i n g  
f o r  s i m p l i c i t y  t h a t  o n l y  t h e  g r o u n d  e l e c t r o n  l e v e l  i s  p o p u l a t e d .
Density of States 
(a) BULK (3D) (b) QUANTUM WELL (2D)
F i g u r e  3 . 6 :  ( a ) S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  d e n s i t y  o f  s t a t e s  ( D O S )  i n  a  b u l k  
s e m i c o n d u c t o r ,  ( b )  s c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  t w o - d i m e n s i o n a l  p a r a b o l i c  s u b ­
b a n d s  w h e r e  t h e  c a r r i e r s  a r e  q u a n t i z e d  i n t o  d i s c r e t e  e n e r g y  l e v e l s  f o r  t h e  m o t i o n  
n o r m a l  t o  t h e  w e l l  ( z - d i r e c t i o n ) ,  ( c )  S c h e m a t i c  r e p r e s e n t a t i o n  o f  t h e  D O S  i n  a  
q u a n t u m - w e l l .
B e i n g  a b l e  t o  s p l i t  a p a r t  t h e  v a r i o u s  h o l e  s t a t e s  b y  i n t r o d u c i n g  s t r a i n  w i l l  
s i g n i f i c a n t l y  i n c r e a s e  t h e  i n v e r s i o n  i n  t h e  l o w e s t  l e v e l  a t  a  g i v e n  h o l e  d e n s i t y .  C o m ­
p r e s s i v e  s t r a i n  s p l i t s  t h e  v a l e n c e  b a n d ,  r a i s i n g  t h e  h e a v y - h o l e  b a n d  w i t h  a  l i g h t  
t r a n s v e r s e  h o l e  m a s s  q u i t e  a b o v e  a  h e a v y  t r a n s v e r s e  h o l e  m a s s  (  F i g .  3 . 5 ) ,  t h u s  
r e d u c e s  t h e  v a l e n c e  b a n d  d e n s i t y  o f  s t a t e ,  s e e  F i g .  3 . 7 ( b ) .  W h e n  t h e  t e n s i l e  s t r a i n  
i s  l a r g e  e n o u g h ,  t h e  l i g h t - h o l e  b a n d  c a n  b e c o m e  t h e  u p p e r m o s t  b a n d  w i t h  a  d e ­
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c r e a s e d  l i g h t - h o l e  t r a n s v e r s e  h o l e  m a s s .  T h i s  c a n  a l s o  g i v e  r i s e  t o  a  r e d u c e d  d e n s i t y  
o f  s t a t e  a t  t h e  t o p  o f  v a l e n c e - b a n d  d e n s i t y  o f  s t a t e s ,  F i g .  3 . 7 ( c ) .
1 |
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( a )  unstrained (b) com pressive ( c )  tensile
F i g u r e  3 . 7 :  S c h e m a t i c s  o f  d e n s i t y  o f  s t a t e s  a n d  c a r r i e r  o c c u p a n c y  ( s h a d e d - a r e a )  f o r  
a n  u n s t r a i n e d  ( l e f t ) ,  c o m p r e s s i v e l y  s t r a i n e d  ( c e n t r e ) ,  a n d  t e n s i l e l y  s t r a i n e d  ( r i g h t )  
q u a n t u m  w e l l .
A s  c a n  b e  s e e n  f r o m  t h e  a b o v e  q u a l i t a t i v e  d i s c u s s i o n s ,  t h e  e f f e c t s  o f  s t r a i n  
o n  q u a n t u m  w e l l  v a l e n c e - b a n d  s t r u c t u r e  a n d  t h e i r  i n t e r p r e t a t i o n  i s  c o m p l i c a t e d .  
I n  s u m m a r y ,  t h e  e n h a n c e d  r a d i a t i v e  p e r f o r m a n c e  o f  c o m p r e s s i v e l y  a n d  t e n s i l e y -  
s t r a i n e d  q u a n t u m  w e l l  l a s e r s  i s : d u e  t o  t h e  m o d i f i c a t i o n  o f  t h e  t h r e e  d i m e n s i o n a l  
s y m m e t r y  o f  t h e  w a v e  f u n c t i o n s  w h i c h  e x i s t  i n  t h e  b u l k  c r y s t a l ,  i . e . ,  t h e  p o l a r i s a t i o n  
d e p e n d e n c e  o f  t h e  v a l e n c e  b a n d s ,  a n d  a  d e c r e a s e  i n  t h e  v a l e n c e  b a n d  e f f e c t i v e  m a s s  
c o m p a r e d  w i t h  t h e  u n s t r a i n e d  c a s e .  I n  a d d i t i o n  t o  t h e s e  c h a r a c t e r i s t i c  f e a t u r e s ,  
t h e  e n e r g y  s p a c i n g  b e t w e e n  t h e  f i r s t  t w o  v a l e n c e  s u b b a n d s  p l a y s  a n  i m p o r t a n t  
r o l e  i n  d e t e r m i n i n g  t h e  r a d i a t i v e  c h a r a c t e r i s t i c s .  A s  w i l l  b e  s h o w n  i n  c h a p t e r  4 ,  
t h e  c u r r e n t  d e n s i t y  d e c r e a s e s  w i t h  i n c r e a s i n g  s u b b a n d  s p l i t t i n g  e n e r g y  b e t w e e n  t h e  
f i r s t  t w o  v a l e n c e  b a n d s .  O u r  r e s u l t s  w i l l  s h o w  t h a t  t h e  s u b b a n d  s e p a r a t i o n  p l a y s  a n  
e q u a l l y  i m p o r t a n t  r o l e  i n  d e t e r m i n i n g  t h e  v a r i a t i o n  o f  t h e  c u r r e n t  d e n s i t y  c o m p a r e d  
t o  t h e  r o l e  o f  t h e  v a l e n c e  b a n d  e f f e c t i v e  m a s s  a n d  t h e  p o l a r i s a t i o n  d e p e n d e n c e  o f
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t h e  v a l e n c e  b a n d s .  F u r t h e r  t h e o r e t i c a l  a n a l y s i s  o f  t h e  r o l e  o f  s t r a i n  i n  i m p r o v i n g
&
l a e r  g a i n  c h a r a c t e r i s t i c s  c a n  b e  f o u n d  i n  r e f e r e n c e s  [ 2 5 , 2 6 , 2 8 , 3 3 , 3 4 ] .
A
T h e  s t u d y  o f  t h e  t h r e s h o l d  c u r r e n t  o f  a  s e m i c o n d u c t o r  l a s e r  i s  l a r g e l y  a  s t u d y  o f  
t h e  o p t i c a l  g a i n  c h a r a c t e r i s t i c s  o f  t h e  l a s i n g  m e d i u m .  T h e  p r o b l e m  o f  e s t a b l i s h i n g  
t h e  g a i n  v e r s u s  p u m p  c u r r e n t  d e p e n d e n c e  c o n s i s t s  o f  t w o  p a r t s :  ( 1 )  c a l c u l a t i o n  
o f  t h e  g a i n  s p e c t r u m  i n  t h e  a c t i v e  r e g i o n  f o r  a  g i v e n  c a r r i e r  d e n s i t y ;  a n d  ( 2 )  
d e t e r m i n a t i o n ,  f o r  t h i s  c a r r i e r  d e n s i t y ,  h o w  t h e  d i f f e r e n t  r e c o m b i n a t i o n  p r o c e s s e s  
g i v e  r i s e  t o  t h e  c o r r e s p o n d i n g  c u r r e n t  d e n s i t y .
T h e  n e x t  s e c t i o n  b e g i n s  b y  d e s c r i b i n g  t h e  t h e o r e t i c a l  g a i n  c a l c u l a t i o n  m e t h o d  
w h i c h  w i l l  b e  u s e d  i n  c h a p t e r  7 .  A  b r i e f  d e s c r i p t i o n  o f  t h e  t h e o r e t i c a l  p r o g r a m s  
u s e d  i n  l a s e r  g a i n  c a l c u l a t i o n s  w i l l  b e  p r e s e n t e d .  T h e  d e t e r m i n a t i o n  o f  t h e  c u r r e n t  
d e n s i t y  w i l l  b e  d e s c r i b e d  i n  c h a p t e r  4 .
3.3 L i n e a r  g a i n  in  Q W  lasers
O p t i c a l  s p e c t r a  [ 3 5 ]  a r e  t h e  m o s t  b a s i c  c h a r a c t e r i s t i c s  o f  s e m i c o n d u c t o r  l a s e r s .  T h e  
m a i n  f a c t o r s  d e t e r m i n i n g  a n  o p t i c a l  s p e c t r u m  a r e
( i )  t h e  c a r r i e r  d i s t r i b u t i o n  i n  t h e  e n e r g y  b a n d s ,
( i i )  t h e  t r a n s i t i o n  m a t r i x  e l e m e n t s  b e t w e e n  t h e  e l e c t r o n s  a n d  h o l e s ,
( i i i )  t h e  i n t r a b a n d  r e l a x a t i o n  o f  c a r r i e r s  d u e  t o  v a r i o u s  s c a t t e r i n g  p r o c e s s e s .
T h e  c a r r i e r  d i s t r i b u t i o n  i s  t h e  m o s t  i m p o r t a n t  f a c t o r  t h a t  d e t e r m i n e s  t h e  o v e r ­
a l l  p r o f i l e  o f  t h e  s p e c t r u m  a n d  t h e  r e l a t i o n  b e t w e e n  t h e  p e a k  i n t e n s i t y  a n d  c a r r i e r  
d e n s i t y .  T h e  c h a n g e  i n  t h e  d e n s i t y  o f  s t a t e s  a s  g o i n g  f r o m  3 D  t o  2 D  b r i n g s  a b o u t  
v a r i o u s  s u p e r i o r  c h a r a c t e r i s t i c s ,  s u c h  a s  a n  i n c r e a s e  i n  d i f f e r e n t i a l  g a i n  a n d  r e d u c ­
t i o n  i n  t h r e s h o l d  c u r r e n t  d e n s i t y  [ 3 6 , 3 7 ] .  B u i l t - i n  s t r a i n  c a n  a l s o  f u r t h e r  r e d u c e  
t h e  c a r r i e r  d e n s i t y  a t  t h r e s h o l d .
T h e  t r a n s i t i o n  m a t r i x  e l e m e n t  d e t e r m i n e s  t h e  i n t e n s i t y  o f  t h e  g a i n  s p e c t r u m  
a l o n g  a  g i v e n  p o l a r i s a t i o n  d i r e c t i o n  b e c a u s e  t h e  g a i n  i n  a  s e m i c o n d u c t o r  l a s e r  i s  
p r o p o r t i o n a l  t o  t h e  a b s o l u t e  s q u a r e  o f  t h e  d i p o l e  m o m e n t  R <*, a l o n g  t h e  e l e c t r i c  
f i e l d  d i r e c t i o n  [ 3 8 ] .  T h e  d i p o l e  m o m e n t s  c a n  b e  r e l a t e d  t o  t h e  m o m e n t u m  m a t r i x  
e l e m e n t s  M cv  b y  k • p  t h e o r y  a s
M cv  =  ( 3 . 3 . 1 )
T h e  a n i s o t r o p y  o f  t h e  t r a n s i t i o n  m a t r i x  e l e m e n t  l e a d s  t o  t h e  p o l a r i z a t i o n  d e p e n ­
d e n c e  o f  q u a n t u m  w e l l  l a s e r  g a i n  s p e c t r u m  [ 3 9 , 4 0 , 4 1 ] .  T h i s  c a n  b e  e x p l a i n e d  a s  
f o l l o w s  [ 4 2 ] ;
T h e  i m p o r t a n t  o p t i c a l  t r a n s i t i o n s  i n  a  l a s e r  a r e  a s s o c i a t e d  w i t h  e l e c t r o n s  i n  
t h e  s - l i k e  c o n d u c t i o n  b a n d  r e c o m b i n i n g  d i r e c t l y  w i t h  h o l e s  i n  t h e  p r e d o m i n a n t l y  
p - l i k e  v a l e n c e  b a n d s .  T h e  p h o t o n  e m i t t e d  i n  t h i s  p r o c e s s  c a n  h a v e  p o l a r i s a t i o n  
c o m p o n e n t s  a l o n g  t h e  x ,  y ,  a n d  z  a x e s  o f  t h e  l a s e r ,  i n  w h i c h  w e  c h o o s e  t h e  a x i s  o f  
q u a n t i s a t i o n  a l o n g  t h e  g r o w t h  d i r e c t i o n  z ,  w i t h  x  a l o n g  t h e  a x i s  o f  t h e  l a s e r  c a v i t y  
a s  s h o w n  i n  F i g .  3 . 8 .
Z(TM)
[001]
Y(TE)
[010]
X(SP)
[100]
F i g u r e  3 . 8 :  L a s e r  s t r u c t u r e  s h o w i n g  c o o r d i n a t e  s y m m e t r y  u s e d  i n  t h i s  t h e s i s .
T M  g a i n  i s  d u e  t o  t h e  e l e c t r o n s  r e c o m b i n i n g  w i t h  h o l e s  i n  z - l i k e  s t a t e s  t o  g i v e  
l i g h t  p o l a r i s e d  a l o n g  t h e  z  d i r e c t i o n  a n d  T E  g a i n  t o  e l e c t r o n s  r e c o m b i n i n g  w i t h  
y - l i k e  v a l e n c e  s t a t e s .  T h e  v a l e n c e  b a n d s  h a v e  e q u a l  c o n t r i b u t i o n s  f r o m  x - ,  y -  a n d
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z - l i k e  s t a t e s ,  s o  t h a t  s p o n t a n e o u s  e m i s s i o n  h a s  e q u a l  c o m p o n e n t s  p o l a r i s e d  a l o n g
t h e  t h r e e  p r i n c i p a l  a x e s .  H e n c e ,  w h e n  c a r r i e r s  a r e  i n j e c t e d  i n t o  s u c h  a  l a s e r ,  e q u a l
p r o p o r t i o n s  c a n  c o n t r i b u t e  t o  T E  g a i n ,  T M  g a i n  a n d  t o  u n w a n t e d  s p o n t a n e o u s
e m i s s i o n  ( x - l i k e )  p o l a r i s e d  a l o n g  t h e  d i r e c t i o n  o f  t h e  l a s e r  c a v i t y .  T h u s  o n l y  o n e
i n  t h r e e  c a r r i e r s  c o n t r i b u t e  d i r e c t l y  t o  o v e r c o m i n g  t h e  r e l e v a n t  l o s s e s  i n  t h e  l a s e r .
T h i s  i s  s h o w n  s c h e m a t i c a l l y  i n  F i g .  3 . 9 ( a )  w h e r e  t h e  D O S  i s  r e p r e s e n t e d  b y  a  s t e p  
f u n c t i o n  f o r  s i m p l i c i t y .
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F i g u r e  3 . 9 :  V a r i a t i o n  o f  v a l e n c e  b a n d  T - p o i n t  d e n s i t y  o f  s t a t e s  f o r  ( a )  u n s t r a i n e d ,
( b )  c o m p r e s s i v e ,  a n d  ( c )  t e n s i l e - s t r a i n e d  c a s e s .  T a k e n  f r o m  [ 4 2 ] .
I n  c o m p r e s s i v e  s t r a i n  t h e  h e a v y - h o l e  s t a t e  s h i f t s  u p w a r d s  i n  e n e r g y ,  F i g .  3 . 5 .  
A s  t h i s  s t a t e  h a s  n o  z - c h a r a c t e r  a n d  e q u a l  x  a n d  y - c h a r a c t e r ,  a s  s h o w n  i n  F i g .  3 . 9 ,  
T E  g a i n  w i l l  b e  e n h a n c e d  a n d  T M  g a i n  s u p p r e s s e d .  A p p r o x i m a t e l y  o n e  i n  t w o  
c a r r i e r s  n e a r  t h e  b a n d  e d g e  w i l l  c o n t r i b u t e  d i r e c t l y  t o  o v e r c o m i n g  r e l e v a n t  l o s s e s ,  
s o  t h a t  t h e  t h r e s h o l d  c u r r e n t  d e n s i t y  s h o u l d  d e c r e a s e  a n d  t h e  T E  d i f f e r e n t i a l  g a i n  
s h o u l d  i n c r e a s e  c o m p a r e d  t o  t h a t  o f  t h e  u n s t r a i n e d  c a s e .
I n  t e n s i l e  s t r a i n  t h e  l i g h t - h o l e  s t a t e  s h i f t s  u p w a r d s  i n  e n e r g y ,  F i g .  3 . 5 .  T h i s
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s t a t e  h a s  a p p r o x i m a t e l y  t w o - t h i r d s  z - l i k e  c h a r a c t e r  f o r  s m a l l  s t r a i n  e n e r g y  S ,  a s  
s h o w n  i n  F i g .  3 . 9  a n d  t h u s  T M  g a i n  i s  e n h a n c e d .  T h e  s i t u a t i o n  i n  t e n s i l e  s t r a i n  
i s  t h e n  e v e n  b e t t e r  t h a n  i n  c o m p r e s s i v e  s t r a i n .  C o m p r e s s i v e  s t r a i n  g i v e s  a  5 0 %  
p r o p o r t i o n  o f  p r o d u c t i v e  T E  e m i s s i o n  w h e r e a s  u n d e r  t e n s i l e  s t r a i n  t h i s  i s  f u r t h e r  
i m p r o v e d  t o  6 7 %  f o r  T M  g a i n  w i t h  s u p p r e s s i o n  o f  b o t h  o t h e r  o r t h o g o n a l  e m i s s i o n s  
( x -  a n d  y - l i k e ) .
T h u s ,  t h e  p o l a r i s a t i o n  d e p e n d e n c e  o f  t h e  b a n d  s t r u c t u r e  c a n  b e  t u n e d  b y  u s i n g  
s t r a i n .  T h e  s y m m e t r y  o f  t h e  c a r r i e r  d i s t r i b u t i o n  ( i . e .  t h e  n u m b e r  o f  o r t h o g o n a l  
p - l i k e  s t a t e s  i n  t h e  u p p e r  v a l e n c e  b a n d  m a x i m u m )  c a n  b e  c h a n g e d  f r o m  3 D ,  i n  t h e  
u n s t r a i n e d  c a s e ,  t o  2 D ,  f o r  c o m p r e s s i o n  a n d  t o w a r d s  I D  w i t h  t e n s i l e  s t r a i n .
I n t r a b a n d  r e l a x a t i o n  c a u s e s  a  b r o a d e n i n g  o f  t h e  o p t i c a l  s p e c t r u m ,  l e a d i n g  t o  a  
r e d u c t i o n  i n  t h e  p e a k  v a l u e s  o f  t h e  g a i n  a n d  e m i s s i o n  s p e c t r a  [ 3 5 , 4 3 ] .  T h i s  e f f e c t  
i s  m o r e  r e m a r k e d  i n  q u a n t u m  w e l l  l a s e r s  [ 3 9 , 4 4 ] ,  w i t h  t h e  g a i n  s p e c t r a  b e c o m i n g  
s m o o t h  a n d  b r o a d  i n  s p i t e  o f  t h e  s h a r p  s t e p - l i k e  d e n s i t y  o f  s t a t e s .
3.3.1 G a i n  T h e o r y
T h e  l i n e a r  g a i n  a ( o j )  c a l c u l a t i o n s  f o r  q u a n t u m  w e l l s  h a v e  b e e n  c a r r i e d  o u t  i n  t h i s  
t h e s i s  f o l l o w i n g  t h e  t h e o r y  d e v e l o p e d  b y  A s a d a  [ 4 5 ]  w h o  u s e d  t h e  d e n s i t y - m a t r i x  
t h e o r y  w i t h  r e l a x a t i o n  b r o a d e n i n g  [ 3 5 , 4 6 ] .  T h e  l i n e a r  g a i n  ck(u>) i s  t h e n  g i v e n  f o r  
p a r a b o l i c  b a n d s  b y  t h e  f o l l o w i n g  e q u a t i o n
a ( w )  =  w V ( f i / e )  ■ y _  ] P  f  <  Rcv(Ecv)2 >
( m *  +  m * )  i r h  L z  ^  J E g+ E c j + E v j ,
x (/c(£«•*,) - _ hJfirjhAL(3,3,2)
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=  (£c„ - h J f  7  ( h / r iny  ’ (3'3'3)
w h e r e  Tjn  i s  t h e  i n t r a b a n d  r e l a x a t i o n  t i m e  t h a t  c h a r a c t e r i z e  t h e  d e c a y  t i m e  o f
t h e  d i p o l e  f o r m e d  b y  t h e  r e c o m b i n i n g  e l e c t r o n  a n d  h o l e ,  w h i c h  i n t e r a c t s  w i t h  t h e
e l e c t r o m a g n e t i c  w a v e ,  w  i s  t h e  a n g u l a r  f r e q u e n c y  o f  l i g h t ,  f i  i s  t h e  f r e e  s p a c e  
p e r m e a b i l i t y ,  e  i s  t h e  d i e l e c t r i c  c o n s t a n t ,  r a * r a * / ( r a *  -f- m * )  i s  t h e  r e d u c e d  m a s s ,  
a n d  L z  i s  t h e  w e l l  w i d t h .  <  R CV( E CV) 2 >  i s  t h e  a v e r a g e d  s q u a r e  o f  t h e  d i p o l e  
m o m e n t .  T h e  d i p o l e  m o m e n t  <  R l  >  f o r  o n e  s u b b a n d  a v e r a g e d  o v e r  a l l  p o s s i b l e  
d i r e c t i o n s  i n  a  q u a n t u m - w e l l  s t r u c t u r e  i s  e x p r e s s e d  i n  t e r m s  o f  t h a t  i n  a  b u l k  
l a s e r  <  R 2CV > b u i k  a n d  g i v e n  a s  a  f u n c t i o n  o f  t h e  e n e r g y  o f  t h e  e l e c t r o n  a b o v e  t h e  
b a n d - e d g e  f o r  t h e  h e a v y - h o l e  t r a n s i t i o n  a s  [ 4 1 , 4 5 ]
<  R l v  > -  T  <  E h \ F c > 2 4 c ||&fc| | ( l  +  - p 2- )  <  R l  > b u i k ,  ( 3 . 3 . 4 )
w h e r e
.  2 ,  e h  , 2 2 \ M \2
<  R „  > b u l h ~  Z ( 2 E J  m 2 > ( 3 - 3 . 5 )
f o r  T E  m o d e s .  <  F C\ F V >  i s  t h e  c o n d u c t i o n  a n d  v a l e n c e  z o n e - c e n t r e  e n v e l o p e
f u n c t i o n s  o v e r l a p .  T h e  m o s t  a c c u r a t e  e s t i m a t e s  o f  t h e  s q u a r e  o f  t h e  m o m e n t u m
m a t r i x  e l e m e n t  a r e  r e p o r t e d  b y  C o r z i n e  e t  a l  [7 ]  f o r  s e v e r a l  m a t e r i a l  s y s t e m s  w h i c h
a r e  c o m m o n l y  u s e d  i n  s e m i c o n d u c t o r  l a s e r  a p p l i c a t i o n s .  E cj k y a n d  E v j , k \\ c a n  b e
w r i t t e n  a s s u m i n g  p a r a b o l i c  b a n d s  a s
h 2kf, h 2 k[?
E cjk\\  —  E cj  +  ’ E vjik\ \  —  ~ ~ E v j t  Y r n  ’ ( 3 . 3 . 6 )
w i t h  t h e  q u a n t i z e d  e n e r g y  l e v e l s  E cj  a n d  E v j ,  o f  t h e  q u a n t u m  w e l l  a n d  e f f e c t i v e  
m a s s e s  m *  a n d  m * .  I n  t h e  s u b s c r i p t s  c j & y  a n d  vjfk\\, c  a n d  v  r e f e r  t o  t h e  c o n ­
d u c t i o n  a n d  v a l e n c e  b a n d s ,  r e s p e c t i v e l y ,  j  a n d  j f  a r e  t h e  s u b b a n d  n u m b e r s  o f  a
w i t h  a  L o r e n t z ia n  b r o a d e n in g  f u n c t i o n
4 0
q u a n t u m  w e l l  s t r u c t u r e ,  a n d  kn a n d  k\y a r e  t h e  w a v e  v e c t o r s  p a r a l l e l  t o  t h e  w e l l  i n ­
t e r f a c e .  F o r  m o m e n t u m - c o n s e r v i n g  t r a n s i t i o n s ,  t h e  p h o t o n  w a v e v e c t o r  i s  n e g l i g i b l e  
b y  c o m p a r i s o n  w i t h  t h e  c a r r i e r s ,  a n d  s o  w e  h a v e
&|[ =  fej'j, (& — selection rule) (3.3.7)
s o  t h a t  t h e  t r a n s i t i o n  e n e r g y  E cv  c a n  t h e n  b e  w r i t t e n  a s
E cv  =  E g  +  E cjk\\  -j- E v j ,& ||, ( 3 . 3 . 8 )
K2kn h 2kn
& - ,?> + ! 4  +  5 4 '  ( s ' 3 ' > )
T h e  p r i m e d  e n e r g y  g a p ,  E ' g  =  E g + E cj - { - E v j , ,  i s  d e f i n e d  a s  t h e  b a n d g a p  b e t w e e n  t w o  
g i v e n  s u b b a n d s  i n  a  q u a n t u m  w e l l  a n d  E g  i s  t h e  b a n d  g a p  e n e r g y .  T h e  i n d i v i d u a l  
e n e r g i e s  E cjk\\  a n d  E vj , k ^  a r e  r e l a t e d  t o  t h e  t r a n s i t i o n  e n e r g y  E cv  b y
7TL
E c i h  =  Ecj + - t - [ E cv -  (  E c j  +  E v j ,)}( 3 . 3 . 1 0 )
m c
w h i l e  t h e  e n e r g y  o f  t h e  e l e c t r o n  i n  t h e  v a l e n c e  b a n d
TTh
E v j i k || =  — E v j ,  [ E cv  — ( E cj  -T E y j t ) ] )  ( 3 . 3 . 1 1 )
m c
w h e r e
1 1 1  / X
—  =  —  +  — . ( 3 . 3 . 1 2 )
m r m c m v '
P o s i t i o n s  o f  t h e s e  e n e r g y  l e v e l s  a r e  s c h e m a t i c a l l y  s h o w n  i n  F i g .  3 . 1 0 .  I t  i s  i m ­
p o r t a n t  t o  n o t e  t h a t  e a c h  s u b b a n d  t r a n s i t i o n  w i l l  h a v e  i t s  o w n  b a n d  g a p  e n e r g y
K -
T h e  c a r r i e r  d e n s i t y  i n  a  g i v e n  b a n d  c a n  b e  f o u n d  f o r  a  g i v e n  q u a s i - F e r m i  l e v e l  
b y  i n t e g r a t i n g  t h e  d e n s i t y  o f  s t a t e s  m u l t i p l i e d  b y  t h e  o c c u p a t i o n  p r o b a b i l i t y  o v e r  
t h e  e n t i r e  b a n d .
n  ~  J  ^ Pc(Ecjk^ ) f c{E cjk^ ) d Ec1 p  = J  pv( E vj/k||) 1^ f v ( E vj(k  ^)^  d E v,
( 3 .3 .1 3 )
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a n d  t h e  f c a n d  f v  a r e  t h e  F e r m i  d i s t r i b u t i o n  f u n c t i o n s  o f  t h e  e l e c t r o n  i n  t h e  c o n ­
d u c t i o n  b a n d  a n d  i n  t h e  v a l e n c e  b a n d ,
1
f c  — [ie xp (E cjk\j — E f c) / k B T  -j- 1] ’
a n d
f v  =
( 3 . 3 . 1 4 )
( 3 . 3 . 1 5 )
[ e x p ( E y j t y  -  E } v ) / k B T  +  1 ]  ’ 
w h e r e  E f c a n d  E f v  a r e  t h e  q u a s i - F e r m i  l e v e l  f o r  c o n d u c t i o n  a n d  v a l e n c e  b a n d  
r e s p e c t i v e l y .
Conduction band
kn
light
k ll
Valence band ^ vjk||
(a) (b)
F i g u r e  3 . 1 0 :  C o n d u c t i o n  a n d  v a l e n c e  ( a )  w e l l s  a n d  q u a n t i z e d  e n e r g y  l e v e l s ,  a n d  
( b )  s u b b a n d  s t r u c t u r e s  a n d  o p t i c a l  t r a n s i t i o n .
F o r  p a r a b o l i c  Q W  s u b b a n d s ,  s u c h  a s  w e  a r e  c o n s i d e r i n g  h e r e ,  t h e  e l e c t r o n  
c o n c e n t r a t i o n  c a n  b e  o b t a i n e d  b y  s u b s t i t u t i n g  E q .  ( 3 . 2 . 1 9 )  a n d  E q .  ( 3 . 3 . 1 4 )  i n t o  
E q .  ( 3 . 3 . 1 3 )  a s
n  =  "t t n ^ L  ?  l n  ^  +  e x p [ ~ ( E c i  ~  E f c ) / k bT }] • ( 3 . 3 . 1 6 )
z j
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T h e  s u m  h e r e  i s  o v e r  a l l  q u a n t i z e d  s u b b a n d s  w i t h i n  t h e  c o n d u c t i o n  b a n d  o f  t h e  
q u a n t u m  w e l l  a n d  E cj  a r e  t h e  q u a n t i z e d  e n e r g y  l e v e l s .  T h e  e f f e c t i v e  m a s s  r a *  
r e f e r s  t o  t h e  i n - p l a n e  e f f e c t i v e  m a s s .  A  c o r r e s p o n d i n g  f o r m u l a  e x i s t  f o r  h o l e s .  T h e  
c o n d i t i o n  f o r  c h a r g e  n e u t r a l i t y  r e q u i r e s  t h a t  n  —  p  ( f o r  a n  u n d o p e d  q u a n t u m  w e l l )  
a n d  p u t s  a  r e l a t i o n  b e t w e e n  E f c a n d  E f v . T h i s  d e t e r m i n e s  t h e  F e r m i  l e v e l s  a n d  
t h e  c a r r i e r  d e n s i t y .
W h e n  E f c —  E f v  >  a ( u > )  i s  p o s i t i v e  a n d  a n  i n c o m i n g  l i g h t  w a v e  w i t h  p h o t o n
e n e r g y  w i l l  b e  a m p l i f i e d .  W e  t h e r e f o r e  r e q u i r e  t h a t ,  q u a s i - F e r m i  l e v e l  s e p a r a t i o n  
m u s t  b e  g r e a t e r  t h a n  t h e  b a n d g a p  t o  a c h i e v e  o p t i c a l  g a i n  i n  t h e  m a t e r i a l ,  i . e . ,
>
E g  <  h u  1  E , c  -  E f „  ( 3 . 3 . 1 7 )
W h e n  t h e  q u a s i - F e r m i  l e v e l  s e p a r a t i o n  i s  e q u a l  t o  E g , E f c —  E f v  =  E g , t h e  m a t e r i a l  
w i l l  b e c o m e  t r a n s p a r e n t  f o r  p h o t o n  e n e r g i e s  e q u a l  t o  t h e  b a n d g a p ,  a c c o r d i n g  t o  
E q .  ( 3 . 3 . 1 7 ) .  T h e  e l e c t r o n  a n d  h o l e  c a r r i e r  d e n s i t y  t h a t  i s  r e q u i r e d  t o  p r o v i d e  t h i s  
s e p a r a t i o n  i s  k n o w n  a s  t h e  t r a n s p a r e n c y  c a r r i e r  d e n s i t y ,  n t r  a n d  i t s  m a g n i t u d e  i s  
r e l a t e d  t o  t h e  d e n s i t i e s  o f  s t a t e s  p c  a n d  p v  o f  a  g i v e n  m a t e r i a l .  O p t i c a l  g a i n  i s  
a t t a i n e d  w h e n  t h e  c a r r i e r  d e n s i t y  e x c e e d s  n t r , s u c h  t h a t  t h e  q u a s i - F e r m i  l e v e l s  a r e  
s e p a r a t e d  b y  a n  e n e r g y  g r e a t e r  t h a n  t h e  b a n d g a p .
3 . 4  S t r a i n e d  Q u a n t u m  W e l l  L a s e r  C a l c u l a t i o n s
A  s u i t e  o f  c o m p u t e r  p r o g r a m s  t o  c a l c u l a t e  t h e  m a t e r i a l  p a r a m e t e r s ,  q u a n t u m - w e l l  
b a n d  s t r u c t u r e ,  l i n e a r  g a i n  a n d  r a d i a t i v e  c u r r e n t  d e n s i t y  w e r e  u s e d  i n  t h e  a n a l y s i s  
d e s c r i b e d  i n  c h a p t e r  7 .  T h e  t h e o r e t i c a l  d e s c r i p t i o n  o f  t h e  p r o g r a m s  a r e  b r i e f l y  
d e s c r i b e d  i n  t h i s  s e c t i o n .  A  s c h e m a t i c  f l o w  c h a r t  o f  t h e  c o m p u t e r  p r o g r a m s  i s  
s h o w n  i n  F i g .  3 . 1 1 .
Well/Barrier-widths, Compositions and Orientation
I
Material Parameters 
Strain Calculations
Band Structure 
Parameters
Laser Device 
Parameters
QW Band Stmcture Determination of
and Matrix Elements Threshold Gain Value
Pealc-gain versus Carrier and Current Densities
F i g u r e  3 . 1 1 :  F l o w  c h a r t  s h o w i n g  t h e  s t r u c t u r e  o f  c o m p u t e r  p r o g r a m s  ( b o x e s )  u s e d  
t o  c a l c u l a t e  t h e  Q W  l a s e r  p r o p e r t i e s .
3.4.1 Material P a r a m e t e r s  a n d  Strain Calculations
T h i s  p r o g r a m  c a l c u l a t e s  t h e  m a t e r i a l  p a r a m e t e r s  f o r  t h e  d e v i c e  f r o m  t h e  w e l l  a n d  
b a r r i e r  c o m p o s i t i o n s ,  t h e  w e l l  a n d  b a r r i e r  w i d t h s  a n d  g r o w t h  o r i e n t a t i o n .  A l l  
t h e  r e l e v a n t  m a t e r i a l  p a r a m e t e r s  f o r  u s e  i n  t h e  b a n d  s t r u c t u r e  a n d  g a i n  p r o g r a m s  
a r e  e s t a b l i s h e d .  M a t e r i a l  p a r a m e t e r s  f o r  t h e  q u a t e r n a r y  a l l o y  A x B i - x C y D i - y  a r e  
i n t e r p o l a t e d  f r o m  t h e  b i n a r y  c o m p o u n d  v a l u e s ,  s a y  B a c , B a d ^ B b c -, a n d  B b d  u s i n g  
t h e  f o l l o w i n g  e x p r e s s i o n s :
a;(l — e ) [(1 — y)TABD  +  v Ta b c ]
Q a b c d ^ i V) —
®(1 -  x)  + y ( l  -  y )
~ v) K1 ~ x )T acd -f x TBc d \ , >
x ( l - x ) + y ( l - y )  ’
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T a b c ( k )  =  ® B a c  +  ( 1  — x ) B b c  +  C a b c ^ O -  —  ® )-  ( 3 . 4 . 2 )
C a b c i s  t h e  t e r n a r y  b o w i n g  p a r a m e t e r ,  x i s  t h e  f r a c t i o n a l  c o m p o s i t i o n  o f  A  i n  
A xBi-xC , a n d  y i s  t h e  f r a c t i o n a l  c o m p o s i t i o n  o f  C  i n  A xBi-.xC yDi-.y.
T h e  l a t t i c e  c o n s t a n t  f o r  a n y  g i v e n  c o m p o s i t i o n  o f  b i n a r y ,  t e r n a r y ,  o r  q u a t e r ­
n a r y  w e l l  m a t e r i a l  i s  c o m p a r e d  w i t h  t h a t  o f  t h e  s u b s t r a t e  m a t e r i a l  t o  d e t e r m i n e  
w h e t h e r  t h e  s t r u c t u r e  u n d e r  i n v e s t i g a t i o n  i s  a n  u n s t r a i n e d  o r  s t r a i n e d  l a s e r  d e ­
v i c e .  L a t t i c e  m i s m a t c h  h a s  t w o  i m p o r t a n t  e f f e c t s  o n  t h e  e l e c t r o n i c  b a n d  s t r u c t u r e  
o f  t h e  s e m i c o n d u c t o r  a s  w e  a l r e a d y  d i s c u s s e d  i n  s e c t i o n  3 . 2 . 2  f o r  ( 0 0 1 )  o r i e n t e d  
l a s e r  s t r u c t u r e s .  M o r e o v e r ,  t h e  e f f e c t  o f  s t r a i n  o n  t h e  b a n d  s t r u c t u r e  v a r i e s  w i t h  
g r o w t h  o r i e n t a t i o n .  A  c o m p a r i s o n  o f  t h e  e f f e c t s  o f  l a t t i c e  m i s m a t c h  o n  ( 0 0 1 ) -  a n d  
( l l l ) - o r i e n t e d  Q W  l a s e r s  w i l l  b e  g i v e n  i n  d e t a i l  i n  c h a p t e r  7 .  T h e  m a t e r i a l  p a r a m ­
e t e r  p r o g r a m  c a n  c a l c u l a t e  t h e  r e q u i r e d  b a n d  s t r u c t u r e  p a r a m e t e r s  i n c l u d i n g  b a n d  
o f f s e t s  f o r  b o t h  g r o w t h  d i r e c t i o n ,  a n d  a l s o  c a l c u l a t e s  o p t i c a l  c o n f i n e m e n t  f a c t o r ,  
r e q u i r e d  t o  d e t e r m i n e  t h e  t h r e s h o l d  m a t e r i a l  g a i n  v a l u e .
T h e  o u t p u t  o f  t h i s  p r o g r a m  i s  t h e r e f o r e  a  s e t  o f  p a r a m e t e r s  t h a t  a r e  f e d  i n t o  
t h e  q u a n t u m  w e l l  l a s e r  m o d e l l i n g  p r o g r a m s  o f  w h i c h  d e t e r m i n e s  t h e  t h r e s h o l d  
v a l u e  o f  t h e  g a i n  f o r  g i v e n  d e v i c e  p a r a m e t e r s  a n d  t h e  o t h e r  o f  w h i c h  c a l c u l a t e s  
t h e  q u a n t u m - w e l l  b a n d  s t r u c t u r e  a n d  m a t r i x  e l e m e n t s  f o r  g i v e n  b a n d  s t r u c t u r e  
p a r a m e t e r s .  P e a k - g a i n  v e r s u s  c a r r i e r  a n d  c u r r e n t  d e n s i t i e s  a n d  t h r e s h o l d  c a r r i e r  
d e n s i t i e s  a r e  t h e n  o b t a i n e d  a s  o u t p u t  f o r  t h e  l a s e r  m o d e l l i n g  p r o g r a m s .
Band Offsets
T h e  b a n d  o f f s e t s  a n d  b a r r i e r  b a n d - g a p  a r e  i m p o r t a n t  p a r a m e t e r s  w h i c h  i n f l u e n c e  
b o t h  t h e  q u a n t u m  w e l l  b a n d  s t r u c t u r e  a n d  o p t i c a l  c o n f i n e m e n t  f a c t o r ,  a n d  h e n c e
w h e r e
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t h e  g a i n .  A  s c h e m a t i c  b a n d  e n e r g y  d i a g r a m  o f  a  b a r r i e r / q u a n t u m  w e l l  s t r u c t u r e  
i s  s h o w n  i n  F i g .  3 . 1 2 .  T h e  e n e r g y  o f  t h e  e l e c t r o n  p o t e n t i a l  b a r r i e r  i s  d e t e r m i n e d  
f r o m  t h e  d i f f e r e n c e  A E g  b e t w e e n  t h e  b u l k  b a n d g a p  e n e r g y  o f  t h e  b a r r i e r  l a y e r s  
a n d  t h e  s t r a i n e d  b a n d g a p  e n e r g y  o f  t h e  a c t i v e  l a y e r  m u l t i p l i e d  b y  a  d i m e n s i o n l e s s  
c o n d u c t i o n  b a n d  h e t e r o s t r u c t u r e  d i s c o n t i n u i t y  f r a c t i o n  o f  A E c / A E g  a s ,
A „  A E C . „
° =  a K  x a e °'
L i k e w i s e ,  t h e  e n e r g y  o f  t h e  h o l e  p o t e n t i a l  b a r r i e r  i s  g i v e n  a s  
A E „
( 3 . 4 . 3 )
A  E v
A  E n
X A  E g . ( 3 . 4 . 4 )
Barrier
bandgap
'c l
vl
v2
Confined
bandgap
Barrier-width Well-width
Conduction band offset
Quantum-well band-edge
Valence band offset
F i g u r e  3 . 1 2 :  E n e r g y  b a n d  l i n e - u p  d i a g r a m  f o r  a  q u a n t u m  w e l l  s t r u c t u r e .
Optical Confinement Factor
I n  s e m i c o n d u c t o r  l a s e r s ,  t h e  r a t i o  o f  t h e  o p t i c a l  p o w e r  i n  t h e  a c t i v e  l a y e r  t o  t h e  
t o t a l  o p t i c a l  p o w e r  i s  a n  i m p o r t a n t  p a r a m e t e r ,  b e c a u s e  i t  i n f l u e n c e s  t h e  l a s i n g  
t h r e s h o l d .  T h i s  r a t i o  i s  c a l l e d  t h e  o p t i c a l  c o n f i n e m e n t  f a c t o r  T  a n d  i s  d e f i n e d  a s  
/  * 4>2( z ) d z
=  £ ~ & ( z ) d z '  (3'4'5^
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w h e r e  $  i s  t h e  e l e c t r i c  f i e l d  a m p l i t u d e .  T h e  c a l c u l a t i o n  o f  F  f o r  s e p a r a t e  c o n f i n e ­
m e n t  h e t e r o s t r u c t u r e s  i s  d o n e  n u m e r i c a l l y  b y  m e a n s  o f  t h e  f i v e - l a y e r  d i e l e c t r i c  s l a b  
w a v e g u i d e  m o d e l  f o l l o w i n g  t h e  m e t h o d  o f  A d a m s  [ 4 7 ] .
3.4.2 Q W  B a n d  Structure P r o g r a m s
T h e  e f f e c t  o f  g r o w t h  o r i e n t a t i o n  o n  t h e  e l e c t r o n i c  b a n d  s t r u c t u r e  o f  a  Q W  l a s e r  
s t r u c t u r e  i s  a n a l y s e d  i n  t h i s  p r o g r a m  t a k i n g  i n t o  a c c o u n t  o r i e n t a t i o n  d e p e n d e n t  
m a t e r i a l  p a r a m e t e r s  s u c h  a s  e f f e c t i v e  m a s s ,  e l a s t i c  d e f o r m a t i o n ,  a n d  s t r a i n - i n d u c e d  
b a n d - e d g e  s h i f t s .  T h e  p r o g r a m  d e t e r m i n e s  t h e  e n e r g y  l e v e l s  o f  t h e  c a r r i e r s  i n  t h e  
c o n d u c t i o n  a n d  v a l e n c e  b a n d  a n d  t h e i r  z o n e  c e n t r e  e n v e l o p e  f u n c t i o n s  b y  s o l v i n g  
t h e  S c h r o e d i n g e r  e q u a t i o n .  T h e  d i a g o n a l  a p p r o x i m a t i o n  i s  u s e d  t o  d e t e r m i n e  t h e  
i n - p l a n e  e f f e c t i v e  m a s s e s  o f  t h e  h e a v y -  a n d  l i g h t - h o l e  b a n d s .  T h e  e f f e c t  o f  s t r a i n  o n  
t h e  c o n d u c t i o n - b a n d  e f f e c t i v e  m a s s  i s  t a k e n  i n t o  a c c o u n t  u s i n g  a  s t r a i n - d e p e n d e n t  
k  • p  m o d e l  [ 4 8 ] ,  d e s c r i b e d  b e l o w .  E m i s s i o n  w a v e l e n g t h s  a r e  d e t e r m i n e d  f o r  ( 0 0 1 ) -  
a n d  ( l l l ) - o r i e n t e d  l a s e r s .  T h e  e f f e c t  o f  t h e  s t r a i n - i n d u c e d  b u i l t - i n  e l e c t r i c  f i e l d  i s  
t a k e n  i n t o  a c c o u n t  f o r  t h e  c a s e  o f  ( l l l ) - o r i e n t a t i o n .
Energy Levels
T h e  q u a n t i z e d  e n e r g y  l e v e l s ,  E cj  a n d  E v j h  a n d  t h e i r  z o n e  c e n t r e  e n v e l o p e  f u n c t i o n s  
J )  a r e  o b t a i n e d  b y  s o l v i n g  S c h r o e d i n g e r ’s  e q u a t i o n  o f
+  [ V T ( z )  +  ? , , ( * ) ]  i , ( z )  =  E * ( z ) ,  ( 3 . 4 . 6 )
f o r  a  q u a n t u m  w e l l  o f  w i d t h  L z [ 4 9 ]  u s i n g  t h e  f i n i t e  d i f f e r e n c e  m e t h o d ,  ij) i s  t h e  
c a r r i e r  e n v e l o p e  w a v e f u n c t i o n ,  m *  i s  t h e  c a r r i e r  e f f e c t i v e  m a s s ,  V r ( z )  i s  t h e  p o t e n t i a l  
d u e  t o  t h e  q u a n t u m  w e l l ,  a n d  V f ( z )  i s  t h e  t i l t e d  p o t e n t i a l  d u e  t o  t h e  s t r a i n - i n d u c e d  
b u i l t - i n  p i e z o e l e c t r i c  f i e l d  f o r  n o n - ( O O l )  o r i e n t e d  m a t e r i a l s  w h i c h  i s  g i v e n  b y
V f ( z ) =  ± e F z .  ( 3 .4 .7 )
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3.4.3 Strain d e p e n d e n c e  of conduction b a n d
I t  h a s  b e e n  s h o w n  [ 5 0 ]  u s i n g  K a n e ’s  k • p p e r t u r b a t i o n  a p p r o a c h  i n  d i r e c t - g a p  s e m i ­
c o n d u c t o r  q u a n t u m  w e l l s  t h a t  t h e  i n - p l a n e  e l e c t r o n  e f f e c t i v e  m a s s  i s  g r e a t e r  t h a n  
t h e  b u l k  b a n d - e d g e  m a s s ,  m r 6 . T h i s  e n h a n c e m e n t  i s  c a u s e d  b y  t h e  i n c r e a s e  i n  t h e  
q u a n t i z e d  e n e r g y  l e v e l  i n  t h e  c o n d u c t i o n  b a n d .  S t r a i n  a l s o  a f f e c t s  t h e  c o n d u c t i o n  
b a n d  e f f e c t i v e  m a s s  i n  q u a n t u m  w e l l s .  T h u s ,  w e  i n c l u d e  t h e  e f f e c t  o f  s t r a i n  o n  t h e  
c o n d u c t i o n  b a n d  e d g e  e f f e c t i v e  m a s s e s  u s i n g  t h e  f o l l o w i n g  a n a l y t i c a l  e x p r e s s i o n s  
[ 4 8 ] :
1 1 M „/ 2|M|2 1 1 1 . ,  ,
=  — [1  +  D  +  J — 4 - - —  +  — —  +  ( 3 . 4 . 8 )
r a e  j| m 0 m 0 2 E h h  ^E jjh  3 E so
i n  t h e  k y  d i r e c t i o n  ( i n - p l a n e  d i r e c t i o n ) ,  a n d
1 1 r , 2|M|\ 2 1 „ * .
=  — [1  +  D '  +  — — —  +  T Z — ]] ( 3 - 4 . 9 )
m e ±  m 0 m 0 3  E L H  3  E s o
i n  t h e  k z  d i r e c t i o n  ( p e r p e n d i c u l a r  t o  e p i t a x i a l  l a y e r s ) .  T h e  d e n o m i n a t o r s  a r e  t h e  
s t r a i n e d  o p t i c a l  t r a n s i t i o n  e n e r g i e s  f r o m  e a c h  v a l e n c e - b a n d  t o  c o n d u c t i o n - b a n d .  
D '  i s  t h e  s e c o n d - o r d e r  k * p p e r t u r b a t i o n  t e r m .  A s s u m i n g  t h a t  t h e  m o m e n t u m  
m a t r i x  e l e m e n t  M  i s  i n d e p e n d e n t  o f  s t r a i n ,  D 1 c a n  b e  c a l c u l a t e d  u s i n g  t h e  r e l a t i o n  
b e t w e e n  M ,  a n d  t h e  c o n d u c t i o n - b a n d  e f f e c t i v e  m a s s ,
1 2|M|2. 2 1 '
1 +  0  +  © ^ + 3(£, +  4 )] ( 3 . 4 . 1 0 )m  rs m c
w h e r e  E g  i s  t h e  b u l k  b a n d g a p  a n d  A  i s  t h e  s p i n - o r b i t - s p l i t t i n g  e n e r g y .  T h e  e x ­
p r e s s i o n  f o r  | M | 2 f o r  I n x G a i ^ x A s i g i v e n  b y  C o r z i n e  e t  a l  [7 ]  i s  u s e d  i n  c h a p t e r  
7 .
, l2 ( 2 8 . 8  — 6 .6 a j )m 0
\ M \  =   ^   }— ( 3 . 4 . 1 1 )
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3.5 S u m m a r y
I n  t h e  f i r s t  p a r t  o f  t h i s  c h a p t e r ,  a  q u a l i t a t i v e  d e s c r i p t i o n  o f  t h e  b e h a v i o u r  o f  
s t r a i n e d  q u a n t u m  w e l l s  w a s  c o n s i d e r e d .  T h i s  p a r t  p r o v i d e s  a  n e c e s s a r y  o v e r v i e w  o f  
s o m e  o f  t h e  p r o b l e m s  o f  b u l k - l i k e  l a s e r s  a n d  t h e i r  s o l u t i o n s  w i t h  t h e  i n t r o d u c t i o n  o f  
s t r a i n  t o  q u a n t u m  w e l l  l a s e r s .  I n  t h e  s e c o n d  p a r t  o f  t h e  c h a p t e r ,  a  b r i e f  d e s c r i p t i o n  
w a s  p r e s e n t e d  o f  t h e  l a s e r  g a i n  t h e o r y  a n d  o f  t h e  t h e o r e t i c a l  p r o g r a m s  u s e d  l a t e r  
i n  t h e  t h e s i s .
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C h a p t e r  4
I n f l u e n c e  o f  E f f e c t i v e  M a s s  a n d  
E n e r g y  B a n d  S p l i t t i n g s  o n  t h e  
R a d i a t i v e  C h a r a c t e r i s t i c s  o f  Q W  
L a s e r s  a t  T r a n s p a r e n c y
4.1 I n t r o d u c t i o n
S t r a i n e d  l a y e r  s t r u c t u r e s  c o n s i s t  o f  v e r y  t h i n  l a t t i c e  m i s m a t c h e d  l a y e r s  w h e r e  t h e  
l a t t i c e  m i s m a t c h  i s  a c c o m p a n i e d  b y  a  u n i f o r m  e l a s t i c  s t r a i n  t h a t  r e d u c e s  t h e  c u b i c  
s y m m e t r y  o f  t h e  s e m i c o n d u c t o r s  a n d  m o d i f i e s  t h e  e l e c t r o n i c  a n d  o p t i c a l  p r o p e r t i e s  
o f  t h e  q u a n t u m  w e l l  [ 5 1 ] .  T h e  t e t r a g o n a l  d i s t o r t i o n  s p l i t s  t h e  d e g e n e r a c y  o f  t h e  
l i g h t -  a n d  h e a v y - h o l e  s t a t e s  a t  t h e  v a l e n c e  b a n d  m a x i m u m  a n d  m a k e s  t h e  e f f e c ­
t i v e  m a s s  a n i s o t r o p i c  w i t h  r e s p e c t  t o  s t r a i n  d i r e c t i o n .  C o m p r e s s i v e  s t r a i n  s h i f t s  
t h e  h e a v y - h o l e  s t a t e  u p w a r d s  w i t h  a  l o w  m a s s  i n  t h e  p l a n e  d i r e c t i o n .  T h e  r e v e r s e  
p r o c e s s  o c c u r s  f o r  b i a x i a l  t e n s i o n .  Q u a n t u m  s i z e  e f f e c t s  i n c r e a s e  t h e  e n e r g y  s e p a r a ­
t i o n  b e t w e e n  t h e  h i g h e s t  a n d  s e c o n d  s u b b a n d  f o r  c o m p r e s s i v e  s t r a i n ,  w h e r e a s  t h i s  
s e p a r a t i o n  i s  d e c r e a s e d  f o r  t e n s i l e  s t r a i n .  I t  w a s  o r i g i n a l l y  p r o p o s e d  t h a t  s t r a i n e d  
q u a n t u m  w e l l  l a s e r s  w h e r e  t h e  q u a n t u m  w e l l s  a r e  u n d e r  b i a x i a l  c o m p r e s s i o n  c o u l d  
h a v e  i m p r o v e d  c h a r a c t e r i s t i c s  c o m p a r e d  t o  u n s t r a i n e d  l a s e r s  [ 2 ] .  I n  c o m p r e s s i v e l y  
s t r a i n e d  l a s e r s ,  t h e  l o w e r e d  i n - p l a n e  e f f e c t i v e  m a s s  r e d u c e s  t h e  n u m b e r  o f  c a r r i e r s
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r e q u i r e d  t o  a c h i e v e  p o p u l a t i o n  i n v e r s i o n  a n d ,  h e n c e ,  m a y  l e a d  t o  a  r e d u c e d  c u r r e n t  
d e n s i t y  a n d  i n c r e a s e d  d i f f e r e n t i a l  g a i n  [ 5 2 ] .  T h e s e  p r e d i c t e d  b e n e f i t s  h a v e  n o w  
b e e n  d e m o n s t r a t e d  f o r  q u a n t u m  w e l l  l a s e r s  u n d e r  b i a x i a l  c o m p r e s s i o n  [ 5 3 , 5 4 ] .  I t  
w a s  s u b s e q u e n t l y  s h o w n  e x p e r i m e n t a l l y  t h a t  l a s e r s  w i t h  t h e  a c t i v e  r e g i o n  u n d e r  
b i a x i a l  t e n s i o n  c a n  a l s o  d e m o n s t r a t e  s i m i l a r  o r  b e t t e r  a d v a n t a g e s  [ 1 5 , 5 5 ] .
tens ion  Strain (% ) compression
( a )
1000
900
800G
<
•G 700
600
500
X=633nm
----1.......... ...... - *
7
i
i
i
1
i
i
i
\  ; 
\  i  
'•«  /
\ /  ■ 
\  /
\  /  - 
4. /
\ /
- \  i
\  i  
\  /
♦A. Valster cl al.
1 .0  -0 .5 0 .0  0.5 1
Strain (%) 
0 0
F i g u r e  4 . 1 :  T h r e s h o l d  c u r r e n t  d e n s i t y  f o r  ( a )  1 .5 / A m  w a v e l e n g t h  q u a n t u m  w e l l  
l a s e r s ,  t a k e n  f r o m  r e s u l t s  b y  T h i j s  e t  a l . ,  a n d  ( b )  v i s i b l e  w a v e l e n g t h  q u a n t u m  w e l l  
l a s e r s ,  t a k e n  f r o m  r e s u l t s  b y  V a l s t e r  e t  a l .  p l o t t e d  a s  a  f u n c t i o n  o f  c o m p r e s s i v e  
a n d  t e n s i l e  s t r a i n .
T h e  e f f e c t  o f  b o t h  c o m p r e s s i v e -  a n d  t e n s i l e - s t r a i n  o n  t h e  t h r e s h o l d  c u r r e n t  d e n ­
s i t y  h a s  b e e n  s y s t e m a t i c a l l y  s t u d i e d  b y  T h i j s  e t  a l .  [ 5 6 ]  f o r  q u a n t u m - w e l l  l a s e r s  
d e s i g n e d  t o  e m i t  a t  1 . 5 f i m .  F i g .  4 . 1 ( a )  s h o w s  t h e i r  e x p e r i m e n t a l  m e a s u r e m e n t s  
w h i c h  c l e a r l y  d e m o n s t r a t e s  t h e  i m p r o v e m e n t  i n  t h r e s h o l d  c u r r e n t  f o r  b o t h  c o m ­
p r e s s i v e  a n d  t e n s i l e  s t r a i n e d  l a s e r s .  S i m i l a r  e x p e r i m e n t a l  r e s u l t s  h a s  b e e n  p r o v i d e d  
b y  V a l s t e r  e t  a l .  [ 5 7 ] ,  s e e  F i g .  4 . 1 ( b ) ,  f o r  0 . 6 3 f i m  w a v e l e n g t h  q u a n t u m - w e l l  l a s e r s .  
V a l s t e r  e t  a l . ’s  m e a s u r e m e n t s  s h o w  a p p r o x i m a t e l y  a  7 0 %  d e c r e a s e  i n  t h r e s h o l d
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c u r r e n t  f o r  0 . 5 %  t e n s i l e  s t r a i n  a n d  a  3 5 %  d e c r e a s e  f o r  0 . 5 %  c o m p r e s s i o n ,  d e m o n ­
s t r a t i n g  g r e a t e r  i m p r o v e m e n t s  b e i n g  a c h i e v e d  f o r  t e n s i l e  s t r a i n .  T h e  i n c r e a s e  i n  
t h e  t h r e s h o l d  c u r r e n t  b e y o n d  0 . 5 %  t e n s i l e  a n d  c o m p r e s s i v e  s t r a i n ,  o b s e r v e d  i n  F i g .
4 . 1 ( b )  i s  n o t  a c c o u n t e d  f o r  i n  o u r  a n a l y s i s ,  b u t  i s  p r o b a b l y  d u e  t o  t h e  n o n - r a d i a t i v e
(Art'fdL
c u r r e n t  i n  t h e s e  l a s e r s .  T h e  i m p r o v e m e n t s  i n  t e n s i l e  s t r a i n e d  l a y e r s  y d k  i n i t i a l l y  
v e r y  s u r p r i s i n g  a s  t h e  i n - p l a n e  m a s s  m v  a n d  v a l e n c e  b a n d  d e n s i t y  o f  s t a t e s  a r e  
e x p e c t e d  t o  b e  s i g n i f i c a n t l y  e n h a n c e d  i n  t h e  t h i s  c a s e .  lt/<rv5<t ?
I n  o r d e r  t o  h i g h l i g h t  t h e  e f f e c t  o f  s t r a i n  o n  t h e  t r a n s p a r e n c y  c u r r e n t  d e n s i t y ,  
a  p r e v i o u s  s t u d y  [5 8 ]  h a s  i n v e s t i g a t e d  t h e  c a s e  o f  r e c o m b i n a t i o n  b e t w e e n  a  s i n g l e  
p a r a b o l i c  c o n d u c t i o n  b a n d  o f  f i x e d  e f f e c t i v e  m a s s  m c a n d  a  s i n g l e  p a r a b o l i c  v a l e n c e  
b a n d  o f  v a r i a b l e  e f f e c t i v e  m a s s  m v . T h i s  i d e a l i s e d  b a n d  s t r u c t u r e  s h o u l d  p r o v i d e  a  
r e a s o n a b l e  d e s c r i p t i o n  o f  t h i n  w e l l s  u n d e r  b i a x i a l  c o m p r e s s i o n ,  w h e r e  m v / m c «  2  
[ 5 9 , 6 0 ] ,  a n d  t h e  l a r g e  e n e r g y  s e p a r a t i o n  b e t w e e n  v a l e n c e  s u b b a n d s  m e a n s  t h a t  o n l y  
t h e  f i r s t  s u b b a n d  i s  s u f f i c i e n t l y  p o p u l a t e d  t o  p l a y  a  r o l e .  I t  s h o u l d  a l s o  d e s c r i b e  
t h i c k e r  w e l l s  u n d e r  l a r g e  b i a x i a l  t e n s i l e  s t r a i n ,  w h e r e  m v l m c >  1 0 ,  a n d  t h e  v e r y  
l a r g e  e f f e c t i v e  m a s s  o f  t h e  t o p  s u b b a n d  m e a n s  t h a t  t h e  l o w e r  s u b b a n d s  a r e  n o t  
s i g n i f i c a n t l y  p o p u l a t e d ,  d e s p i t e  t h e  f a c t  t h a t  t h e  e n e r g y  s e p a r a t i o n  b e t w e e n  t h e  
h i g h e s t  a n d  s e c o n d  s u b b a n d  i s  t y p i c a l l y  l e s s  t h a n  5 0 r a e V  f o r  1 . 5 %  t e n s i l e  s t r a i n  
[ 5 5 , 5 6 ] .  T h e  m o d e l  i s  l e s s  a p p r o p r i a t e  t o  l a t t i c e - m a t c h e d  Q W  s t r u c t u r e s ,  a n d  t o  
q u a n t u m  w e l l s  w i t h  m o d e r a t e  t e n s i l e  s t r a i n  w h e r e  t h e  v a l e n c e  b a n d  s t r u c t u r e  i s  
s t r o n g l y  n o n p a r a b o l i c  a n d  w h e r e  t h e  s e c o n d  s u b b a n d  c a n  p l a y  a n  i m p o r t a n t  r o l e .  
B o t h  o f  t h e s e  e f f e c t s  w i l l  t e n d  t o  i n c r e a s e  t h e  r a d i a t i v e  c u r r e n t  d e n s i t y  c o m p a r e d  t o  
t h e  p a r a b o l i c  o n e  b a n d  m o d e l .  U s i n g  t h e  i d e a l i s e d  q u a n t u m  w e l l  s t r u c t u r e  i t  w a s  
s h o w n  t h a t ,  a l t h o u g h  i t  w a s  i n d e e d  t h e  c a s e  t h a t  t h e  t r a n s p a r e n c y  c a r r i e r  d e n s i t y  
a l w a y s  i n c r e a s e s  w i t h  i n c r e a s i n g  m „ ,  t h e  r a d i a t i v e  c u r r e n t  d e n s i t y  c a n  d e c r e a s e .
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I n  t h i s  s t u d y  w e  e x t e n d  t h i s  p r e v i o u s  a n a l y s i s  t o  i n v e s t i g a t e  t h e  e f f e c t s  o n  c a r r i e r  
a n d  c u r r e n t  d e n s i t y  o f  h a v i n g  d e g e n e r a t e  a n d  n o n d e g e n e r a t e  l i g h t -  a n d  h e a v y - h o l e  
v a l e n c e  b a n d s .  T r a n s p a r e n c y  c u r r e n t  d e n s i t i e s  a r e  c a l c u l a t e d  u s i n g  b o t h  t h e  e x a c t  
F e r m i - D i r a c  s t a t i s t i c s  a n d  t h e  B o l t z m a n n  a p p r o x i m a t i o n ,  t h e  l a t t e r  b e i n g  u s e d  t o  
a c h i e v e  a  s e m i - a n a l y t i c a l  u n d e r s t a n d i n g  o f  t h e  b a n d  s t r u c t u r e  d e p e n d e n c e .  T h e  
v a r i a t i o n  o f  t h e  d i f f e r e n t i a l  g a i n ,  a n  i m p o r t a n t  f a c t o r  i n  s e m i c o n d u c t o r  l a s e r s ,  i s  a l s o  
s t u d i e d .  T h e  s t u d y  t h a t  w i l l  b e  p r e s e n t e d  i n  t h i s  c h a p t e r  d e m o n s t r a t e s  t h a t  t h r e e  
f a c t o r s  p l a y  a n  i m p o r t a n t  r o l e  i n  o p t i m i s i n g  t h e  b a n d  s t r u c t u r e  i n  s e m i c o n d u c t o r  
l a s e r s  :
1)  a c h i e v i n g  a  l o w  e f f e c t i v e  m a s s  a t  t h e  v a l e n c e  b a n d  m a x i m u m ,
2)  h a v i n g  a n  a n i s o t r o p i c  m a t r i x  e l e m e n t ,  t o  m i n i m i s e  ’’ u n p r o d u c t i v e ”  r a d i a t i v e  
r e c o m b i n a t i o n ,  a n d
3 )  m a x i m i s i n g  t h e  s u b b a n d  s e p a r a t i o n  a t  t h e  c o n d u c t i o n  b a n d  m i n i m u m  a n d  
v a l e n c e  b a n d  m a x i m u m .
4.2 T h e  M o d e l s  a n d  R e s u l t s
T h e  r a d i a t i v e  t r a n s p a r e n c y  c u r r e n t  d e n s i t y  J t r  c a n  b e  w r i t t e n  f o r  a  s i n g l e  q u a n t u m  
w e l l  o f  w i d t h  L z  a s
J t r  =  e L z B n 2t r , ( 4 . 2 . 1 )
w h e r e  n tr  i s  t h e  t r a n s p a r e n c y  c a r r i e r  d e n s i t y  p e r  u n i t  v o l u m e  a n d  B  i s  t h e  b i -  
m o l e c u l a r  r e c o m b i n a t i o n  c o e f f i c i e n t ,  w h i c h  i s  u s u a l l y  d e t e r m i n e d  n u m e r i c a l l y  f r o m  
t h e  s p o n t a n e o u s  e m i s s i o n  r a t e  a n d  d e p e n d s  o n  d e t a i l s  o f  t h e  b a n d  s t r u c t u r e ,  a n d  
w e a k l y  o n  t h e  c a r r i e r  d e n s i t y .
T h e  b a n d  e d g e  p e a k  g a i n ,  G m a x ? i s  g i v e n  i n  [ 6 1 ]  a s s u m i n g  a l l  s u b b a n d s  a r e
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p a r a b o l i c  a n d  t h a t  o p t i c a l  t r a n s i t i o n s  o b e y  k - s e l e c t i o n  r u l e s  a s
G m a x  —  G 0[ f c ( n )  -  f v ( n ) ] ,  ( 4 . 2 . 2 )
w h e r e
r E gfi2m v 
° e0cr)h3L z ’
a n d  w h e r e  T i s  t h e  o p t i c a l  c o n f i n e m e n t  f a c t o r ,  E g i s  t h e  o p t i c a l  e n e r g y  g a p ,  p2 
i s  t h e  s q u a r e d  d i p o l e  m o m e n t  a l o n g  a  g i v e n  p o l a r i z a t i o n  o f  t h e  l i g h t ,  m r  i s  t h e  
r e d u c e d  m a s s ,  ea i s  t h e  p e r m i t t i v i t y  i n  v a c u u m ,  a n d  7] i s  t h e  r e f r a c t i v e  i n d e x  o f  
t h e  m a t e r i a l .  T h e  q u a n t i t i e s  f c ( n )  a n d  / „ ( r a )  a r e  t h e  F e r m i  o c c u p a t i o n  f a c t o r s  f o r  
e l e c t r o n s  a t  t h e  c o n d u c t i o n  a n d  v a l e n c e  s u b b a n d  e d g e s ,  r e s p e c t i v e l y .
T o  i n v e s t i g a t e  h o w  t h e  v a l e n c e  b a n d  e f f e c t i v e  m a s s  a n d  b a n d  e n e r g y  s p l i t t i n g s  
a f f e c t  t h e  r a d i a t i v e  c h a r a c t e r i s t i c s  o f  q u a n t u m - w e l l  l a s e r s  a t  t r a n s p a r e n c y ,  w e  f i r s t  
r e v i e w  t h e  r e s u l t s  f o r  a  s i n g l e  p a r a b o l i c  v a l e n c e  a n d  c o n d u c t i o n  b a n d  a n d  t h e n  
e x t e n d  t h e  a n a l y s i s  t o  t h e  c a s e  o f  t w o  p a r a b o l i c  v a l e n c e  b a n d s  c o n s i d e r i n g  f i r s t  t h e  
d e g e n e r a t e  a n d  t h e n  t h e  n o n d e g e n e r a t e  c a s e .
4.2.1 O n e  Valence B a n d  M o d e l
I n  t h i s  s e c t i o n  t h e  r a d i a t i v e  p r o p e r t i e s  o f  a  Q W  l a s e r  w i t h  a n  i d e a l i s e d  b a n d  s t r u c ­
t u r e  w i l l  b e  r e v i e w e d  f o l l o w i n g  t h e  a n a l y s i s  o f  G h i t i  e t  a l .  [ 5 8 ] .  T h e  a n a l y s i s  i s  
b a s e d  o n  t h e  a s s u m p t i o n  t h a t  w e  o n l y  h a v e  o n e  c o n d u c t i o n  b a n d  a n d  o n e  v a l e n c e  
b a n d ,  b o t h  o f  w h i c h  a r e  p a r a b o l i c  w i t h  e f f e c t i v e  m a s s e s  o f  m c  a n d  m v , r e s p e c t i v e l y .  
U n d e r  s t r i c t  k  s e l e c t i o n ,  t h e  p e a k  g a i n  o f  E q .  ( 4 . 2 . 2 )  o c c u r s  a t  t h e  q u a n t u m  w e l l  
b a n d  e d g e  a n d  c a n  b e  w r i t t e n  i n  t e r m s  o f  t h e  c a r r i e r  d e n s i t y  a s  [ 6 1 ] .
w h e r e  p c>v i s  t h e  t h r e e  d i m e n s i o n a l  d e n s i t y  o f  s t a t e s ,  a n d  m C)V i s  t h e  c o n d u c t i o n -  
a n d  v a l e n c e - b a n d  m a s s ,  r e s p e c t i v e l y .
m/mc
F i g u r e  4 . 2 :  V a r i a t i o n  o f  a  —  n t r / n c w i t h  m a s s  r a t i o  m v / m c .
A t  t r a n s p a r e n c y ,  G m a x  =  0 ,  s o  t h e  t r a n s p a r e n c y  c a r r i e r  d e n s i t y  c a n  b e  d e t e r ­
m i n e d  f r o m  E q .  ( 4 . 2 . 3 )  b y  s o l v i n g
1 -  e ” “  =  e “ « .  ( 4 . 2 . 4 )
T h e  v a l u e  o f  a  =  n t r / n c d e p e n d s  o n l y  o n  R ( ~  m v / m c )  a s  p o i n t e d  o u t  b y  E n g  e t  a l .  
[ 6 2 ] .  F i g .  4 . 2  s h o w s  t h e  v a r i a t i o n  o f  a  w i t h  t h e  m a s s  r a t i o  m v / m c , d e t e r m i n e d  f r o m  
E q .  ( 4 . 2 . 4 )  a s  t h e  i n v e r s e  o f  R  —  — a / l n {  1  — e ” “ ) .  I t  i s  s e e n  t h a t  f o r  a  f i x e d  r a c , t h e  
t r a n s p a r e n c y  a r e a l  c a r r i e r  d e n s i t y  n t r L z  i n c r e a s e s  a p p r o x i m a t e l y  l o g a r i t h m i c a l l y  
w i t h  i n c r e a s i n g  v a l e n c e  b a n d  m a s s  m v .
T h e  b i m o l e c u l a r  r e c o m b i n a t i o n  c o e f f i c i e n t  B  c a n  b e  e s t i m a t e d  a n a l y t i c a l l y  f o r
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the case of one valence band using Maxwell-Boltzmann statistics as [23]
B  =  Y  (4.2.5)e0m^cdk l  m c +  m v
where < M 2V > is the squared momentum matrix element averaged over all polar­
izations of light, which is assumed here not to vary with wave vector k. Using the 
analytical value of B , the current density at transparency of Eq. (4.2.1), can be 
written simply, with n tr — n ca , as
J*r= zD T + R i (4.2.6)
where
D =  (e’ i r y & V ^ H  < M l  > TOC. (4.2.7)
Fig. 4.3 shows the variation in transparency current density, J tr, as a function 
of mass ratio m v/ m c, calculated using the exact Fermi-Dirac statistics (solid line) 
and using the Boltzmann approximation of Eq. (4.2.6) (dashed line). Both curves 
show the same trend, with Jtr peaking at an intermediate value of R(= m v/ m c) 
and then decreasing slowly with increasing R. It was seen that the radiative 
transparency current density decreases for large values of the mass ratio R  in 
ideal quantum well structures. This occurs despite ntr increasing, because the 
holes are distributed over a much wider range of k values than the electrons and 
therefore cannot recombine radiatively. The radiative recombination rate (which 
is proportional to B) decreases and is approximately inversely proportional to the 
valence mass m v.
The minimum achievable radiative current density in a lossless laser can be es­
timated by calculating D  in Eq. (4.2.7) which depends on the material parameters 
of rj, Eg, < M 2V > and m c.
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mv/mc
Figure 4.3: Variation of radiative current density with mass ratio using Fermi-Dirac 
statistics( solid-line) and the Boltzmann approximation (dashed-line) for idealised 
QW lasers. D is a normalisation constant.
4.3 T w o V alence B a n d  M o d e l
It can be seen from Eq. (4.2.2) that the peak gain increases with the difference 
between the occupation probabilities of electrons in the conduction band and elec­
trons in the valence band: the greater the occupation of electrons and holes at the 
band edges, the larger the peak gain will be. This occupation probability is set 
by the Fermi distribution functions for electrons and holes and increases as the 
quasi-Fermi levels move further apart. Bence, for a given carrier concentration, it 
is desirable to force the quasi-Fermi levels for the electron and hole distributions 
as far into the bands as possible. This will maximise the occupation of the band 
edge electron and hole states and will give a larger peak gain. It is desirable to 
minimise the carrier density required for population inversion, since the current
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density varies approximately as n 2. For a given carrier concentration, the position 
of the quasi-Fermi level is set by the density of states. Since we want to force 
the quasi-Fermi levels as far into the bands as possible while injecting a minimal 
number of carriers, we want to minimize the band edge density of states; this will 
in turn minimize the threshold current density.
In a typical III-V semiconductor, the density of states in the valence band is 
much greater than that in the conduction band. This means that the condition for 
transparency occurs when the quasi-Fermi level for holes is well above the top of 
the valence band and hence the quasi-Fermi level for electrons is correspondingly 
high above the bottom of the conduction band. This means that there is a large 
spread in the energy distribution of the electrons and only a small percentage of 
them contribute directly to the gain while all are able to recombine spontaneously 
or via non-radiative processes and hence add to the threshold current. Lowering 
the valence band effective mass by the application of strain will force the hole 
quasi-Fermi level towards on into the valence band due to the reduced density 
of states, and will result in a greater hole occupation factor for a given carrier 
concentration.
Another important way to affect the position of the quasi-Fermi levels is to 
change the separation between the energy subbands in a quantum well. As men­
tioned in the introduction the ideal subband configuration for a quantum well laser 
would consist of a single conduction and valence subband each with a low effective 
mass. This is possible for the electron quantum well, but the valence band effective 
mass is often so large that it is not possible to have a single valence subband level. 
For the valence band, it is important to obtain as large a separation as possible 
between the lowest energy valence subband and the higher energy subbands. This
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energy difference must be comparable to kT  ~  25meV at room temperature to 
make an impact on the occupation. Quantum confinement will lift the degener­
acy between light- and heavy-holes, but the maximum splitting in lattice matched 
wells is typically about ~  30meV\ Introduction of a built-in strain in a quantum 
well will increase this splitting. For example, application of biaxial compressive 
strain can make the occupation of the light-hole subbands almost negligible at 
room temperature.
The subband positions are also affected by the well width. In general, smaller 
well widths will result in an increased separation between the lowest energy sub­
band and the higher energy ones. This will also improve the band edge occupation.
In the following sections we will consider different band structures to investigate 
how the valence band mass and band energy splittings affect the radiative charac­
teristics of QW lasers at transparency. As mentioned in chapter 3, the combination 
of compressive strain and quantum confinement effect maintains the position of the 
heavy-hole as the highest valence band state. On the other hand, a combination 
of tensile strain and quantum confinement results in either the heavy-hole being 
the highest valence band state, degenerate light-hole and heavy-hole states, or the 
light-hole being the highest state, depending on the relative strengths of the effects. 
The quantum confinement and strain effects are balanced with moderate tensile 
strain so that the heavy- and light-hole bands are degenerate at the valence band 
maximum. We first investigate this least ideal case of moderate tensile strain where 
the two valence bands are at the same energy (i.e. degenerate), and then the case 
where the two valence bands are separated by an energy E g (i.e. nondegenerate).
59
D eg en era te  Valence B an d s
In a quantum well with moderate tensile strain, it is possible to have a doubly 
degenerate state at the valence band edge with the zone centre heavy-hole and 
light-hole states at the same energy. We assume parabolic bands of masses m v\ 
and m v2, and analyse the influence of the band masses on the current density at 
transparency using both exact Fermi-Dirac statistics and Boltzmann approxima­
tion. The bimolecular recombination coefficient B  can be written for the case of 
two degenerate valence bands, using Maxwell-Boltzmann statistics as [23]
b  =  ^ 4 #  > — 1— ( mri +  - a m ._ ) .  (4 .3 .1 )e0m 2c3A;T m vl -f m v2 m vl +  m c m v2 -f m c 
Using this form of B  in Eq. (4.2.1) gives
+  ( 4 - 3 - 2 )
where R\ — m vl/ m c and R 2 = m v2/ m c. The analysis of transparency current 
density has been carried out considering two cases :
Firstly, we investigate the transparency current density when the sum of the 
two valence masses m vl -j- m v2 =  10mc, and varying m v 1 from m c to 9mc where m c 
is assumed to be 0.05mo. Fig. 4.4 shows the calculated variation of transparency 
current density Jtr versus mass ratio m vi / m c using the Boltzmann approximation 
and exact Fermi-Dirac statistics. Both curves are symmetrical about m v 1 =  m v2, 
and the calculated current density drop off either side of the point m v 1 =  m v2. This 
occurs because at both large and small values of the mass ratio excited carriers in 
one of the valence bands will occupy a wider range of k values and therefore fewer 
carriers will be able to recombine radiatively.
Secondly, we kept the mass of one of the valence bands as a constant at 
m v 1 =  2mc and varied the other valence band mass m v2 from 2m c (”light-hole
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mass”) to 20mc (’’heavy-hole mass”). Fig. 4.5 shows the curves obtained for 
these circumstances. Again for the same reason mentioned above, the radiative 
characteristics drop off with increasing mass ratio (m„i + r a u2)/m c.
mv/mc
Figure 4.4: Variation of radiative current density with mass ratio in the degenerate 
two valence band case using the Boltzmann approximation (dashed line) and Fermi- 
Dirac statistics (solid line).
As seen in both cases for the degenerate valence bands, the radiative trans­
parency current density decreases when the mass of one of the valence bands gets 
bigger. The transparency carrier density always increases with increasing mass 
ratio as shown in Fig. 4.2. The decrease of the transparency current density re­
sults from the decrease in radiative recombination coefficient B, Eq. (4.3.1), with 
increasing mass ratio R.
A comparison of Fig. 4.4 and Fig. 4.5 with Fig. 4.3 shows that the presence of 
degenerate light- and heavy-hole bands at the valence-band maximum for moderate 
tensile strain increases the radiative current density at transparency Jtr by a factor 
of order 2 compared to the ideal single valence band case. It is seen that
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the Boltzmann approximation gives a reasonable estimate of the variation of Jtr 
with increasing valence band mass m v. Therefore, we use only the Boltzmann 
approximation for the rest of this analysis.
(mv1+mv2)/mc
Figure 4.5: Variation of radiative current density with increasing m v2 in the de­
generate two valence band case using Boltzmann and Fermi-Dirac statistics.
N o n d eg en era te  V alence B ands
One of the most important motivations for using strain in quantum wells is the 
reduction in threshold current that is possible. An important consequence of strain 
is to modify the splitting between the heavy-hole and light-hole states, which may 
also cause a reduction in the in-plane hole density of states mass. The magnitude 
of the splitting between the two highest valence bands can also have an important 
effect on the carrier and current densities. Therefore, this section aims to inves­
tigate how the radiative characteristics vary as the splitting E a between the two 
valence bands, shown in Fig. 4.6, increased from zero to an energy of ~  6kT  for 
the given valence band masses.
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Figure 4.6: Band structure with two parabolic valence bands separated by an 
energy E B.
The current density at transparency when the two valence bands are separated 
by an energy E B can be written using Boltzmann statistics as
' t r D a 4 Ri +  R 2 e~E‘/l°A 1 + R t ' 1 +  R 2
The derivation of this equation is given in Appendix A. This expression reduces 
to the degenerate case of Eq. (4.3.2) when E B is equal to zero and to the previous 
form for the one band case of Eq. (4.2.6) when E s approaches infinity.
The investigation of the transparency current density for the non-degenerate 
case i.e. when the energy splitting between the two highest valence bands is varied 
through strain or quantum confinement effects has been carried out considering 
two cases.
Firstly, we assume that one of the valence bands has a light mass mvi =  2mc 
and the second of the valence bands can have either a light mass m v2 =  2mc or 
a heavy mass m v2 = 20m c. The calculated variation of the transparency current
i?i R 2 e~E‘/kT
+ (4.3.3)
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density for these conditions is shown in Fig. 4.7. We see that when the splitting 
energy E a between the two valence bands increases, both curves drop off to the 
same point. As expected the constant value of the Jtr when the splitting energy 
E a > GkT is equal to the value of Jtr for the ideal one valence band case, Fig. 4.3, 
when the mass ratio is assumed to be 2.
Energy splitting, Es (kT)
Figure 4.7: Calculated variation of radiative current density as a function of energy 
splitting in the nondegenerate two valence band case. The first band has a light 
mass (m =  2rac) and the second one has either a light mass (m =  2mc, solid line) 
or a heavy mass (m =  20mc, dashed line). C is a normalisation constant.
Secondly, we consider the case of the two valence bands, one of which has a 
heavy mass m vi =  20mc, and the second of which can have either a light mass 
m „2 =  2m c (solid line) or a heavy mass m v2 =  20mc (dashed line) and investigate 
how the transparency current density varies as the splitting E a is increased from 
zero to an energy of 150 meV (6kT), as shown in Fig. 4.8. As in the previous case, 
both curves drop off as E a increases, approaching a constant value of Jtr equal to 
that of the one valence band case ( see Fig. 4.3) when the mass ratio is 20.
In both Fig. 4.7 and Fig. 4.8, the transparency current density Jtr for each
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case drops off to the same point. Therefore, as the bands become further apart 
with increasing E e the effect of the second subband becomes less im portant and 
the radiative current density reverts to that of the one valence band case.
Energy splitting, Es (kT)
Figure 4.8: Calculated variation of radiative current density as a function of energy 
splitting in the nondegenerate two valence band case. The first band has a heavy 
mass m  — 20m c and the second one has either a light mass m  = 2m c (solid line) 
or a heavy mass m  =  20mc (dashed line).
The comparison of Fig. 4.7 and Fig. 4.8 shows that the decrease in Jtr is
much quicker when the first valence band is heavy (=  20mc) and the second is
light (=  2mc) than when the first is light and the second is heavy. This is redrawn
in Fig. 4.9, where we use the left hand side, where the highest band has a large 
4 W  cc© e,i/v  vueXW
mass, to model^tensile strain^and the right hand side, where the highest band has
■\!Ke cave. e^ucuAvj<v> uje-Ms
a small mass, to model^compressive strain^.The current density then decreases
rapidly with increasing energy separation, with greater reductions being achieved
for a given tensile than compressive strain. This variation can be explained as
follows; the transparency carrier density n tr decreases with increasing E a in both
cases of biaxial tension and compression as shown in Fig. 4.10. The decrease is
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Energy splitting, Es(kT)
Figure 4.9: Variation of JtT as a function of energy splitting E a in model tensiley 
strained (m„i =  20mc,m v2 =  2m c) and compressively strained (mvi =  2rac,m v2 =  
20mc) lasers.
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Figure 4.10: Variation of n tr as a function of energy splitting E a in model tensiley 
strained (raui =  20mc,m v2 =  2mc) and compressively strained (mvi =  2m c,m v2 =  
20mc) lasers.
however much less in the tensile case compared to that of compression due
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to the large mass of the highest subband, which makes the population of the 
second subband quite insignificant. So, since the population of the second band is 
unimportant compared to the first band, the magnitude of the splitting has less 
effect on the variation of n tr with respect to E a in tension. However, n tr decreases 
very rapidly up to 5kT  in compression. The trend in the transparency current 
density Jtr is controlled however not only through the variation of n tr with E a 
but also through the variation of the radiative recombination coefficient B  with 
E B. The coefficient B, given by the term in the square bracket of Eq. (4.3.3), 
decreases rapidly as a function of tensile energy splitting, whereas it increases in 
compression, offsetting the quicker decrease of n tr in compression. Therefore, the 
combined effect of the changes in n tr and B is to bring greater improvements to 
Jtr in the tensile case, as shown in Fig. 4.9. This shows that the radiative current 
density can decrease in strained layer lasers even when the mass of the first valence 
band is heavy giving a large band edge density of valence states.
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Figure 4.11: Variation of B as a function of energy splitting E a in tensiley strained 
(mvi =  20rac,rau2 =  2mc) and compressively strained (mvi =  2mc,m v2 =  20roc) 
lasers.
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We now turn to consider the differential gain dGmax/dn, which is an important 
factor in determining the modulation bandwidth of semiconductor lasers. The 
peak gain equation of Eq. (4.2.2) can be rewritten as
RiGr G
1 + R i
(4.3.4)
where
G =
TEgti 2
e0crj%3Lz
The variation of the peak gain of Eq. (4.3.4) with carrier density, dGmax/dn, due 
to the first conduction and valence band were calculated and shown in Fig. 4.12.
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Figure 4.12: Variation of differential gain, dGmax/dn, in the nondegenerate two 
band case where the highest VB has a low effective mass(= 2mc) (left hand axes) 
and where the highest VB has a large effective mass(= 20mc)(right hand axes).
We see that the differential gain increases with increasing energy splitting in 
both compressive and tensile strain. In the case of compressive strain, the differen­
tial gain increases very rapidly with energy separation. The calculated dGmax/dn  of
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compressively strained lasers at 6 kT is about 5 times larger than that of unstrained 
ones. This rapid increase of differential gain in compressive strain is mainly due to 
the light-hole-like behaviour of the top subband which allows a significant popula­
tion in the second subband at small E a, and , hence, a rapid decrease in n tr with 
Ea, see Fig. 4.10. The light-hole-like behaviour of the top subband in compressive 
case also results in smaller differential gain at small E a compared to tensile case. It 
is also seen that the differential gain is maximised in compressively strained lasers 
when the light hole-band is well separated from the heavy-hole band (Ea > 5kT).  
However, the variation of dGmax/dn  with energy separation is weaker in tensile 
strained QW lasers and tends to saturate very quickly with increasing energy sep­
aration. This less effective increase of dGmax/dn in tensile strain case can mainly 
be attributed to the slower variation of transparency carrier density n tr with en­
ergy separation E„ in this type of lasers as shown in Fig. 4.10. This is mainly due 
to the fact that the heavy-hole-like character of the top subband in tensile strain 
makes the population of the second subband insignificant, and, hence, leading an 
insignificant change in n tr with increased energy separation E„ between the first 
two subbands. We see that the idealised parabolic band structure of only one 
conduction-band of mass m c and one valence-band of m v is a reasonable model in 
tensile-strained lasers in which the excited carriers occupy only single conduction- 
and valence-band.
It is also notable that the magnitude of the dGmax/dn at large splitting is 
smaller in tension. It should not, however, be presumed that differential gain will 
always be larger in compressive- than tensile- strained lasers, as the normalisation 
constant G can be significantly larger in the the latter case. In fact, experimental 
measurements show that the differential gain can be larger in tension than in 
compression [55]. It should be noted that tensile lasers operate in TM modes
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involving light-hole states recombining with conduction states while compressive 
lasers involve heavy-hole states operating in TE modes leading to fl2 being at 
least 4/3 times larger for the former due to the different character of the valence 
states [26]. Further, the tensile-strained lasers generally have wider wells (<~ 80A.) 
than are found in compressively strained l.b-fim lasers, where Lz & 20 — 40/4, 
so the optical confinement factor T (proportional to Lz in well-designed separate 
confinement structures) will then be enhanced in tensile case. Assuming a factor of 
3 increase in 37, we estimate a factor of 4 increase is possible in the normalisation 
constant G going from compression to tension, allowing an enhanced dGmax/dn 
with tensile strain compared to compressive strain.
Energy splitting, Es(kT)
Figure 4.13: Variation of gain with current density, dGmax/dJ, using boltzmann 
approximation for nondegenerate two band case.
In the case where the loss mechanisms are important, the laser has to be 
pumped further from transparency. The variation of peak gain with current den­
sity, dGmax/dJ = (dGman/dn)/(dJfdn), gives a good measure of the difference
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between the threshold and transparency current densities. Fig. 4.13 shows the 
variation of peak gain with current density, dGmax /d J , using Boltzmann approxi­
mation in units of F(= G /D  =  Tfi27r2m lc2fi/(rj2e3kT  < M 2V > m cL z)). When we 
consider that the F  value is at least 4/3 times larger for tensile than compressive 
lasers due to the enhanced value of /j,2, dGmax/d J  is then about 25% higher for 
tensile-strained lasers. However, this improvement may be offset by the fact that 
the threshold gain is higher for lasers under tension because of the lower reflec­
tivity for TM compared to TE modes, and also because we expect the intrinsic 
loss mechanisms of intervalence -band absorption and Auger recombination to be 
more significant in tensile strained lasers due to the larger valence mass and areal 
carrier density in such lasers.
The analysis can be extended to investigate the radiative characteristics when 
many subbands are occupied in both compressive and tensile-strained case. Similar 
trends have been observed compared to the case considered here of two parabolic 
valence bands separated by an energy E B.
4.3.1 Conclusions
In conclusion, using different model band structures, we have shown that the appli­
cation of either compressive or tensile strain to QW lasers can improve the radiative 
characteristics of the laser at transparency, by reducing the transparency carrier 
and current densities compared to unstrained structures. We find that built-in 
tensile strain can bring greater improvements than in the compressive case, in 
agreement with the experimental trends observed by Thijs et al. and Valster et al. 
[56,57]. Our calculated enhancement is mainly due to the variation of the bimolec- 
ular recombination coefficient B  and transparency carrier density n tr with subband 
energy separation. It has been clarified with our analysis that tensile strain, with
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large m„, can be very effective in reducing the bimolecular recombination coeffi­
cient B  with increasing subband separation, although it is less effective in reducing 
n tr with increasing subband separation. On the other hand, compressive strain, 
with small m v, leads to an increase in B, although it is effective in reducing the 
transparency carrier density n tr with increased subband separation. On the basis 
of these combined characteristic features of the B and n tr, it has been shown that 
tensile strain can have a more pronounced impact on the improvement of current 
density as compared with compressive strain.
In summary, previous analysis had shown the importance of having a reduced 
valence band mass and an enhanced squared dipole moment fi2 for optimising laser 
characteristics. The calculations presented here clearly demonstrate that maximis­
ing the subband energy splitting plays an equally important role in minimising the 
threshold current density and maximising differential gain.
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C h a p t e r  5
A n  A n a l y s i s  o f  t h e  V a r i a t i o n  i n  
C a l c u l a t e d  C o n f i n e d - s t a t e  
E n e r g i e s  U s i n g  D i f f e r e n t  
E n v e l o p e - f u n c t i o n  M o d e l s
5.1 In tro d u c tio n
The envelope-function method is widely used to calculate confined-state energies 
and subband structure in the lowest conduction and highest valence bands of III- 
V and other semiconductor systems [63]. There are several different formulations 
of the envelope-function method, each differing in terms of the number of bulk 
bands which are included and the boundary conditions which are used to describe 
the continuity of the envelope functions across the interfaces between the different 
materials. An overview of these different formulations is provided in the paper 
by Winkler and Rossler [64]. The most general form of the envelope-function 
method widely used in the literature includes the lowest (r6) conduction band 
and the three highest valence bands, namely the T8 heavy-hole and light-hole 
and the (IV) spin-split-off bands [65]-[67], When electron spin is included, these 
bands are doubly degenerate at the zone centre, so that a total of eight bands 
are then included in the general model. Calculations using this eight-band model
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are difficult, due in particular to the presence of spurious solutions [64,65]. As a 
result, most calculations generally invoke a number of simplifications, for instance 
by including only heavy-hole, light-hole, and split-off bands [68,69,70], or often only 
the heavy- and light-hole bands [71,72,73]. The results obtained vary according to 
the prescription used, but there are few guidelines given in the literature as to how 
to choose an appropriate model for a given problem. We demonstrate here that 
the accuracy of the calculated zone-centre energies can be predicted by plotting 
the equivalent bulk band structure under various approximations.
We begin in section 5.2 by presenting the envelope-function Hamiltonian and 
the different band models based on the Hamiltonian. We present the analytical ex­
pressions for the calculation of zone-centre confinement energies for valence bands 
in section 5.3. We demonstrate in section 5.4 that the effects of nonparabolic- 
ity on zone-centre confined-state energies can be predicted directly from the bulk 
band structure for an infinitely deep QW structure. In section 5.5 we use the 
envelope function Hamiltonian to calculate the subband dispersion in the quan­
tum well plane for different band models, make comments concerning the effects 
of nonparabolicity and well width on subband dispersion in an infinite quantum 
well structure and consider also the influence of the spin-split-off band. We show 
how the inclusion of the conduction and spin-split-off bands affects the position 
of the light holes at ky =  0, illustrating this further in section 5.6 as a function 
of band-gap, spin-orbit energy, well-width and strain. Finally we summarize our 
conclusions in section 5.7.
5.2 E n v e lo p e -fu n c tio n  H a m ilto n ia n s
In this section we describe the different envelope function Hamiltonians used in 
the calculations. The eight-band k • p Hamiltonian is based on the six highest
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valence bands and two lowest conduction bands at the T point, typically including 
all interactions between these bands up to order k2. One of the most important 
advantages of the eight-band model is that it treats equally all of the bands explic­
itly included in the calculation. In order to simplify the numerical solution of the 
eight-band model, it is common to block diagonalize it into two 4x4 Hamiltonians 
[67], which can be further simplified by introducing the axial approximation [71], 
which retains the exact dispersion along the z-direction (when kx — ky =  0 ) but 
modifies the Hamiltonian so that it is axially symmetric in the x — y  plane. Thus, 
the block diagonalized extended k • p Hamiltonian for an unstrained semiconductor 
is given in the axial approximation by [67]
E cb Pi P 2 Ps 1
P * E h h A B
P 2 A * E l h C
L P 3 B* C*
—
10
H
where the diagonal matrix elements of H  are defined as
l._„ 1
(5.2.1)
Ecb =  E a +  E c0 -f- (P  -f -)fc|2 + (F +  -)k
1 1
E hh =  Ev0 -  -(7 1  -  272) ^  -  “ (71 -f 72) ft2
Elh = Ev„ -  i ( 7l +  272)kl -  i ( 7l -  72) bjj
E So =  Ev0 -  A -  - 7 1 k2z — -7 1  k 2\ (5.2.2)
where 71, 72, and 73 are related to the true Luttinger parameters, which will be 
described below, A is the magnitude of the spin-orbit energy at k — 0, and E c0 and 
Evo are the F-point conduction- and valence-band-edge energies. The off-diagonal 
matrix elements of H  are given by
p1 = - ( 1/ V 2 ) p %
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P 2 =  ( \ / 2 / y / 3 ) P k z +  (z/x/6)JPA;„,
P3 =  —(1 / V$)P kz +  { i/Y 3 )P k{b 
P3 =  -(1 /V 3  )Pkz +  (»/V3)PAs||,
A = V^7 3fe||^z +  i(V3/2)'yk^,
B  — -( \/3 /V ^ )7 3 ^ ||^  +  z(\/3/V^)7fc|2,
C  =  V 2 7 2 K  -  (l/V^)72^ - i { 3 /V 2 ) ^ 3k\\kz ,
tf\ = K  + K> 7 = ^ (7 2  +  73) (5.2.3)
where P  is the Kane matrix element [74]. We have taken K — m  = 1. The axial 
approximation involves introducing the term 7  in A. and B. The parameters 7 { are 
related to the true valence-band Luttinger parameters 7 /' by the relations [75]
T\ —Tid- Ep/(3Eg),
T2 ~  72 +  Ep/(6Eg),
7? — 73 +  Ep/{6Eg)i (5.2.4)
where Eg is the fundamental band gap and Ep is related to the Kane matrix 
element P  by Ep — 2m P2/ h 2. The couphng between the conduction and valence 
bands is explicitly included in the eight-band model. In the k • p approach there 
are seven bulk band-structure parameters Eg, P , P , A, 7 1 , 7 2 , and 7 3. Since 
the fundamental band gap E g and the spin-orbit energy A can be determined 
independently as a function of composition and temperature, we therefore take
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them as fixed when calculating the other five parameters from the measured or 
estimated effective masses namely, ra*, raj^, and m ao in the (0 0 1 ) direction
and m bh in the (111) direction. The eigenvalues of the blocked Hamiltonian for 
the bulk case, calculated up to second order in the components of the momentum 
lc, can be used to determine the effective mass for each band in the vicinity of the 
T point. The T6 effective mass m* is given [67] by,
m * - 1 =  1 +  2 F + 5 s . + (5.2.5)Eg Eg +  A
which shows the band gap and spin-orbit energy dependence of the conduction 
band effective mass. Also, the heavy-hole effective mass along the (001) direction 
is determined only by the parameters 7 1 ,7 2  as
m ih  =  ( 7 1 - 2 7 2 ), (5.2.6)
whereas in the same direction the light hole effective mass is coupled to the con­
duction band as
m 1r  =  ( 7 1  +  272) + 2E ,  3 E a (5.2.7)
On the other hand, the heavy-hole effective mass in the (111) direction depends 
only on 7 1  and 73 and is given by
™hh =  ( 7 1  - 2 7 3 ),
Finally, the effective mass of the split-off branch is given by
(5.2.8)
* - 1  . -®p
™„o =71 +
E»
(5.2.9)3Eg \E g  T Ay
It can be noticed from Eqs. (5.2.5)-(5.2.9) that in the eight-band k • p model 
the light-hole and split-off bands are both coupled to the lowest conduction band, 
whereas the heavy-hole effective mass is not.
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We consider below four different models based on the Hamiltonian of Eq.
(5.2.1), namely (i) the four-band model, with coupled CB, HH, LH, and SO 
bands; (ii) a three-valence band model, with coupled HH, LH, and SO bands, 
and a parabolic CB; (iii) a two-band model, with coupled HH and LH, a parabolic 
conduction band, and the split-off band neglected; and (iv) a mixed three-band 
model, with coupled CB, HH, and LH, and neglecting the SO band. In models 
(ii) and (iii), we use the true Luttinger parameters 7 /', whereas in (i) and (iv) we 
use the valence-band effective mass parameters 7 ;. These two sets of parameters 
are related by Eq. (5.2.4). In model (i) the term 1 +  F  replaces the inverse bulk 
band edge conduction band mass since we have now explicitly included the cou­
pling to the top valence bands. This is obtained from the experimental conduction 
band mass Eq. (5.2.5). To obtain the matrix eigenvalue equation for the quantum 
well subband dispersion, we replace kz by the operator —id fd z  for quantum wells 
grown along the (0 0 1 ) direction.
5.3 In fin ite  W ell H a m ilto n ia n
In this section, we apply the envelope-function Hamiltonian of Eq. (5.2.1) to 
demonstrate that the zone-centre confined-state energies in an infinitely deep quan­
tum  well can be determined directly from a plot of the bulk band dispersion along 
the growth direction. At the centre of the two-dimensional Brillouin zone, where 
k\\ = 0, Eq. (5.2.1) decouples into two independent matrices, a 1 x 1 matrix 
describing the heavy-hole dispersion and a 3 x 3 matrix,
H  =
E S +  (F +  | )kl (V2/V3)Pkz -(1 /VS)Pkz
(\/2 /\/3 )Pkz -§ (7 1 +  272)^ s/7qik\ 
-(1 /V 3  )Pkz s/2l2kl - A  -  \lxk\ J
(5.3.1)
which needs to be solved to calculate the (mixed) CB, LH, and SO confined-state 
energies. Because of this decoupling, the heavy-hole zone-centre confined-state
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energies are identical in the four models considered above. If we take Ev0 =  0, the 
heavy-hole bulk dispersion along kz is given by
E Hh{K) =  “ “ (7i -  7 2 )^ -  (5.3.2)
If we define the quantum well between z — 0 and L, and apply the boundary 
conditions that the envelope function f ( z ) goes to zero at the interfaces [63], we find 
that the heavy-hole confined states are standing waves with wave vector kz — mr/L.  
The envelope functions are given by
/(,) =  ( f 7 L s i u ( n ^ / L )  0 < z < L  
v ' 1 0  otherwise v '
and the confined-state energies for heavy-holes are found directly from the bulk
band structure by replacing kz by n it/L  in Eq. (5.3.2).
The remaining 3 x 3  matrix of Eq. (5.3.1) can be solved using an expansion 
in diagonal (uncoupled) states [73,76]. We consider the calculation of a confined- 
state predominantly of light-hole character, for which the light-hole component of 
the envelope function varies as fLHm(z) = sin(rmrz/L). If we allow the split-off 
component of the wave function also to vary as fsop(z) = sin(p7rz/L), then the 
off-diagonal term involving k2 introduces a direct mixing between the normalized 
light-hole and split-off components such that [76]
< fsoP{z)| ~  d2/d z 2\fLHm(z) > =  (nwv/L)26pm, (5.3.4)
i.e., the only direct mixing between fLHm and the split-off band is with fsom , and
the magnitude of the interaction is found by replacing k 2z by (rrnr/L)2 in the 3 x 3  
matrix. Finally, the terms P2 and P3 linking the conduction band to the light- 
hole band and split-off bands are both of order kz. Taking the conduction-band 
envelope function as fcBq{z) — icos(q7rz/L) [77], we conclude that fLHm and fsom 
mix only with the conduction-band component fcBm, with the magnitude of the
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interaction found by replacing kz in P 2.3 by mrv/L in Eq. (5.2.1). Hence, the zone- 
centre energy of the m th LH, SO, and CB confined states in an infinite quantum 
well can be found by replacing each occurrence of kz in Eq. (5.2.1) with rmv/L.
The zone-centre confined-state energies in an infinite well of width L  are then 
just equal to the bulk band energies at kz =  rmv/L for each of the the four cal­
culation models described above. We thus conclude that in an infinite well the 
difference between the calculated confined-state energies using different models 
can be predicted directly from the differences in the bulk structures.
We further note that, the zone centre LH and SO confined state energies can 
be determined analytically in the HH-fLH-fSO model by finding the eigenvalues of
det[Hij -  6ijE\ = 0 (5.3.5)
where Hij is the 2x2 Hamiltonian for the LH and SO bands at kn — 0:
H = D+ C_ C-  PL (5.3.6)
The matrix elements in (5.3.6) are given by
■D+ =  “ (7i +  272)fc*2> (5.3.7)
D -  =  —A — (5.3.8)
and,
C-  =  V M 2. (5.3.9)
Solution of Eq. (5.3.5) gives the zone centre confinement energies for the LH and
SO subbands as
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where the -j- and — signs correspond to the LH- and SO-subbands, respectively. 
The energy of the nth L H  and SO  confined states can then be found by replacing 
kz by m r/L  in Eqs. (5.3.7) -(5.3.9).
5.4 V a len ce -su b b an d  D isp e rs io n  a n d  Z o n e -cen tre  
C o n fin e d -s ta te  E n e rg ie s
We have argued above that the accuracy of the calculated zone-centre energies in 
an infinite QW using different models can be predicted by plotting the equivalent 
bulk band structures. We present in this section the results of calculations which 
illustrate this point. We first calculate the variation of confined-state energy with 
well width for GaAs infinite quantum wells with a spin-orbit energy of 343raeV\ 
To illustrate the effect of the spin-split-off band we then repeat the calculations 
assuming a spin-orbit energy of 800meV.
m*a 0.0665
7i 6.85
72 2.58
7s 2.58
Eg(eV) 1.42
A(eV) 0.343
E p(eV) 24
Table 5.1: Material parameters for GaAs
Since we are primarily interested in investigating trends in the different band 
models as a function of spin-split-off energy, we use the spherical approximation, 
obtained by replacing 7 % and 73  by a suitable average value:
( 3 7 3  +  2 7 2 )
72 =  73 =  g • (5.4.1)
It should be noted that the spherical approximation is less successful in quantum 
wells when a quantitative description of confinement energy and band dispersion is
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required. It produces errors in zone centre confinement energies and ignores band 
warping, because of the averaged values used. The band-structure parameters used 
here and in later sections are listed in Table 5.1.
Figure 5.1: (a) Dispersion of the light-hole band in bulk GaAs with a spin-orbit 
energy of 343raeF calculated using the three different Hamiltonians, described in 
the text, (b) Energy of the light-hole states as a function of well width in an 
infinite GaAs quantum well, using the three Hamiltonians.
Fig. 5.1(a) illustrates the light-hole dispersion of bulk GaAs calculated using 
models (i) CB, LH, and SO mixing at the zone centre (dashed line), (ii) coupled 
LH and SO bands (solid line), and (iii) the LH band model (dotted line). The 
bulk light-hole band dispersion calculated using models (i) and (ii) are very close 
to each other up to about 60m eV  below the band edge, and we find that the 
calculated confined-state energies for GaAs infinite quantum wells, Fig. 5.1(b), 
are also in close agreement in this energy range. It is seen from Fig. 5.1(a) 
that interactions with both the conduction band and split-off band increase the 
light-hole band nonparabolicity. This may initially appear surprising: the light-
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hole band is surrounded by the conduction band and split-off band, so it might be
A
expected from perturbation theory that the influence of these bands would balance 
each other. However, the zone centre interaction P2 between the conduction and 
light-hole bands is of order kz: this contributes in second order perturbation theory 
to the parabolic (k2) dispersion of the light-hole band; the subparabolic dispersion 
then arises from higher-order interactions. By contrast, the zone-centre interaction 
C between the light-hole and split-off bands is of order k2, which from second-order 
perturbation theory then leads to the observed repulsive interaction (initially of 
order k4) between the light-hole and split-off bands.
It is seen from Fig. 5.1 that for a fixed well width L , the differences in the 
n th calculated zone-centre confinement energies in an infinite quantum well are 
equal to those calculated for the bulk band dispersion along the growth direction 
at a fixed wavevector kz — mv/L,  as predicted. This result is modified in a finite 
quantum well, where the difference between the calculated confinement energies 
using different band models increases with confined-state index, approaching the 
difference in bulk band energies for the highest confined states, as we have shown 
recently [77].
We repeat the calculations of Fig. 5.1 assuming the spin-orbit-energy is 800 
meV to see how the split-off band affects the bulk subband dispersion and confine­
ment energies of light-hole states. This is shown in Fig. 5.2 where we have now also 
included model (iv), with coupled CB and LH (dot dashed line). Due to the wide 
band-gap and large spin-orbit energy, a similar band dispersion is found in models 
(ii) LH+SO and (iv) CB+LH implying the equal importance of the CB and SO in 
this energy range. We would thus predict that the calculated confinement energies 
should also be similar in the two models, and this is indeed found to be the case.
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The comparison of Figs. 5.1 and 5.2 show clearly that as the spin-orbit-splitting 
increases from 343m eV  to 800raeV, the nonparabolicity is also reduced and hence 
the differences decrease between the calculated zone-centre confinement energies 
using the different models.
Well Width (x10 m)
Figure 5.2: (a) Dispersion of the light-hole band in bulk GaAs assuming a spin-orbit 
energy of 800mey using four different Hamiltonians, (b) Energy of the light-hole 
states as a function of well width in an infinite GaAs quantum well, using the three 
Hamiltonians.
Overall, we conclude from Figs. 5.1 and 5.2 that the accuracy of the calculated 
zone-centre energies under different approximations can be well estimated by using 
different models to plot the bulk band structure along the growth direction.
5.5 V a len ce -su b b an d  S tru c tu re  o f In fin ite  Q u a n ­
tu m  W ells
We saw in the previous section how the zone-centre confined-state energies in an 
infinite well of width L  can be predicted from the bulk band structure E (kz, ky) by
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taking fc||=0 and kz as a number. In this section we consider the valence-subband 
dispersion, which is complicated due to the interactions between the different sub­
bands that lead to band mixing effects [76]. It is instructive to compare the infinite 
quantum well valence band dispersion in different models.
Figure 5.3: Valence-subband dispersion of a 100A GaAs infinite quantum well, 
calculated with the following bands included explicitly in the calculation (dotted 
line) HH and LH only, (solid line) HH, LH, and SO, (dashed line) CB, HH, LH, 
and SO.
In Fig. 5.3 we present the calculated valence subband dispersion for 100A GaAs 
infinite quantum well as a function of in-plane wavevector kx. We use the full four- 
band Hamiltonian of Eq. 5.2.1 with coupled CB, HH, LH, and SO (dashed line), 
a three valence band model with coupled HH, LH, and SO (solid line), and a two 
band model with coupled HH and LH (dotted line).
The valence subband mixing appears even at small values of kx, as evidenced 
by the anticrossing regions. This band mixing effect is of different magnitude for 
each subband, depends mainly on the 7 3  term in A  in Eq. 5.2.1. At large values
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of kx, the quadratic terms will become dominant, and, therefore the dispersions 
approach parabolic curvatures at large wavevector kx.
We find in Fig. (5.3) that the calculated band dispersion of the first heavy- 
hole state is practically the same throughout the whole wavevector range for the 
three band models considered. Differences in the subband dispersion start to ap­
pear when the calculated zone-centre confinement-energy of the light-hole subband 
varies with the different band models (notice the differences in the subband disper­
sion of HH2, LH1 and HH3 in the different models). The differences in subband 
dispersion become more pronounced as the calculated differences in LH zone-centre 
confinement-energy increase (notice the differences in subband dispersion of HH4, 
LH2, and HH5 with the different band models). In summary, the differences in 
subband dispersions increase as the calculated zone-centre energy differences in­
crease.
Figure 5.4: Valence-subband dispersion of a 2 0 0A GaAs infinite quantum well, 
calculated with the following bands included explicitly in the calculation (dotted 
line) HH and LH only, (solid line) HH, LH, and SO, (dashed line) CB, HH, LH, 
and SO.
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The effect of decreasing the confinement energy can be seen in Fig. 5.4, where 
we present the valence band dispersion for a 200A GaAs infinite quantum well. 
As the well width increases from 100A to 200A, the level separation decreases, 
and this leads to an enhancement of the valence band mixing and a change in 
the subband energy separations. The region where the effects of the diagonal and 
off-diagonal quadratic terms overcome the fc-linear ones also depends on the well 
width. It is again shown in Fig. 5.4 that the difference between valence-subband 
dispersion in the two-band and many-band models increases with an increase in 
the calculated zone-centre light-hole confinement energy difference in the two-band 
and many-band models.
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Figure 5.5: Valence-subband dispersion of a 100A GaAs infinite QW with a spin- 
orbit energy of 800meV, calculated for the stated band models.
We have also investigated the influence of the magnitude of the spin-orbit 
energy on the valence subband dispersion. To demonstrate the effects of large 
spin-orbit energy we repeat the calculations of Fig. 5.3 assuming a spin-orbit
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energy of 800meV. We would expect, because of the large spin-orbit energy , 
that the calculated subband dispersion should only vary very weakly depending on 
whether the split-off band is included (solid and dashed line) or not (dotted and 
dotted dashed line) in the calculation. This is indeed found to be the case. The 
comparison of Figs. 5.3 and 5.5 show that the models which includes CB and SO 
get closer to the two band model of HH-f-LH due to the large-spin-orbit energy.
As we have shown in reference [77], the main differences found between subband 
dispersions in quantum wells using different band models can be predicted simply 
from a plot of the bulk band structure as a function of E(m r/ L ,k x), which can 
then serve as an adequate guide in selecting the Hamiltonian model for a specific 
problem.
5.6 B an d -g ap  D e p e n d e n c e  o f Z o n e -cen tre  L igh t- 
hole C o n fin em en t E n e rg ies
It was shown in the previous section that the position of the light holes at k\\ =  0 
are strongly affected by the inclusion of the conduction and split-off band coupling, 
and also by the magnitude of the band gap and spin-orbit energy. Therefore it is 
interesting to check the variation of the light-hole zone-centre confinement energies 
as a function of band gap with various spin-orbit energies. In principle we expect 
more variation in the calculated zone-centre energies of the light holes using dif­
ferent models when we are dealing with a material having narrow-band-gap and 
small-spin-orbit energies. We present here the results of calculations which illus­
trate these points. We calculate the true Luttinger parameters as a function of 
band gap by means of Eqs. (5.2.4), where we keep the modified Luttinger param­
eters 7 1 , 7 2 , and 73  fixed. The values of the calculated true Luttinger parameters 
as a function of band gap are tabulated in Table 5.2.
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E9 7iL 7a =  7a
1.43 6.85 2.56
1 .2 7.92 3.11
1 .0 9.25 3.78
0 .8 11.25 4.78
0 .6 14.58 6.45
0.4 21.25 9.78
0 .2 41.25 19.78
Table 5.2: The true Luttinger parameters as a function of band gap obtained from 
the relations of Eq. (5.2.4).
Fig. 5.6(a) shows the variation of confined-state energies of L H  1  and L H 2 
as a function of band gap in a 100A infinite QW, calculated using the parabolic 
LH model (dashed line) and the nonparabolic LH+SO model (dotted line) and 
CB+LH+SO model (solid line), with a spin-orbit energy of 343raeV. We see in 
Fig. 5.6(a) how the calculated zone-centre confined energies of LH1  for the wide 
band gap materials using the three models are in close agreement and the difference 
between the confinement energies using the parabolic LH model and nonparabolic 
many-band models increases with decreasing band gap. The difference between 
the parabolic and nonparabolic models become more marked even for wide band 
gap materials when the confinement energy of the light-hole becomes comparable 
to the spin-orbit energy, which is the case for LH2.
Fig. 5.6(b) shows the same investigation when the spin-orbit energy increases 
to 800meV in which now we also consider a mixed nonparabolic model of C B  -f- 
LH  (dotted dashed line) assuming an infinite spin-orbit-energy. We find that the 
calculated zone-centre energies for LH1 using models of CB+LH+SO and CB-\-LH 
are in close agreement even for narrow band gap materials, however the difference 
between the two nonparabolic models increase for LH2  due to the same reason 
mentioned above. This large spin-orbit system, Fig. 5.6(b), confirms that an
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increase in the spin-orbit energy causes an increase in the calculated confinement 
energy of the light holes for the whole band gap region.
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Figure 5.6: The variation of zone-centre confinement energies of L H  1 and L H 2 
as a function of band gap in an unstrained infinite QW calculated for (a),(b) a 
lOOA QW with a spin-orbit energy of 343meF and 800raeF respectively; and 
(c),(d) 2 0 0 l QW with a spin-orbit energy of 343meF and 800m e V , respectively.
When the quantum well width increases to 200A, Fig. 5.6(c), the differences 
in the confined-state energies for L H  1 decrease because of the lowered confinement 
energies. In fact, the calculated confined-state energies for LH  1 in a 100A infi­
nite quantum well becomes the confined-state energies of L H 2 in a 200A infinite 
quantum well. Finally, Fig. 5.6(d) shows the variation for a 2 0 0 A well width with 
a spin-orbit energy of 800raeV\ Similar conclusions are obtained for this material 
system, including the lowered confinement energies and similar calculated confine­
ment energies for the CB + LH  model as with that of the C B  -f LH  4- SO , due to
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The application of axial strain along the (001) growth direction will introduce 
additional terms in the Hamiltonian, the most important of which is the strain- 
induced band-edge splitting [78]
th e  large sp in -o rb it energy.
H h h + l h + s o  —
S O  0 
0 - S  V 2 S  
0 V 2S  0
(5.6.1)
The heavy-hole band again remains decoupled from the other two and shifts by an 
energy S with respect to the mean valence band energy. The light-hole and split- 
off bands are coupled by the strain which modifies the character of the light-holes. 
Thus we also investigate the variation of their confinement energies for quantum 
wells under biaxial compression and tension.
Figs. 5.7(a) and (b) shows the variation of the LH1 and LH2 confinement energy 
in a 100A compressively strained infinite QW as a function of band gap when the 
spin-orbit energy is 343 and 800meU, respectively. The splitting energy is taken as 
35meV\ It is clear from Fig. 5.7(a) that the parabolic L H  model is insufficient to 
calculate confinement energies for light-hole states for the whole band gap range 
because it ignores the strain-induced coupling of the LH and SO bands. The 
difference between the parabolic and nonparabolic models again decreases when 
the spin-orbit energy is large, Fig. 5.7(b). A combination of an increase in the well 
width and spin-orbit energy results in a decrease in the calculated confinement 
energies using the different models, Fig. 5.7(c), (d), in which the well width is 
200A and the spin-orbit energy is 343 and 800m eV,  respectively.
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Figure 5.7: Zone-centre confinement energies of LH1 and LH2 in a compressively 
strained infinite quantum wells calculated for (a),(b) a 1 0 0 A QW with a spin- 
orbit energy of 343meV and 800raeV respectively; and (c),(d) 2 0 0A QW with a 
spin-orbit energy of 343meV and 800meV, respectively.
When the quantum well is under biaxial tension with a splitting energy of 
S  =  —35mey, Fig. 5.8(a)~(d), the differences between the calculated confinement 
energies using the different models get closer due to the lowered confinement energy 
of the light-hole states. Figs. 5.7(a) and (b) show the variation for a 100A QW 
when the spin-orbit energy is 343 and 800m ey, respectively. Similarly, Figs. 5.7(c) 
and (d) shows the variation when the QW width is increased to 200A. It is seen 
from Fig. 5.8 that the parabolic LH  model and nonparabolic LH  - f SO  model give 
similar calculated confinement energies for LH1 for most of the band gap range. 
When the spin-orbit energy increases to 800mey, Figs. 5.8(b) and 5.8(d), the
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C B  -f L H  -f- SO  model gives confinement energies in close agreement with those 
of the mixed C B  +  LH  model.
E
Band gap Energy (meV)
Figure 5.8: Zone-centre confinement energies of of LH1 and LH2 in a tensiley 
straiend infinite quantum wells calculated for (a),(b) a 1 0 0 A QW with a spin- 
orbit energy of 3437716  ^ and 800meF respectively; and (c),(d) 200A QW with a 
spin-orbit energy of 343meV and SOOmeV, respectively.
Overall, we conclude that the parabolic LH  model is insufficient to calculate 
zone-centre confinement energies for materials having a narrow bandgap, and well 
width and small spin-orbit energy.
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5.7 S u m m a ry  a n d  C onclusions
We have investigated the application of the envelope-function method to calculate 
confinement energies in infinite quantum wells, demonstrating how the accuracy of 
the calculated zone-centre confinement energies can be predicted by plotting the 
equivalent bulk band structure under various approximations. We found that the 
differences between the various bulk band structures provide a good guide to the 
resulting differences in calculated confined-state energies.
We have investigated the influence of the conduction band and the spin-split-off 
band on the vaience-subband dispersion in an infinite quantum-well using a two 
band HH-fLH model, and three other band models of k • p Hamiltonians, including 
HH+LH+SO, CB+HH+LH, and CB+HH+LH+SO, respectively. We found that 
the inclusion of the CB and SO coupling start to affect the subband dispersion when 
the calculated confinement energy of the light-holes varies significantly between the 
different band models.
For GaAs infinite quantum wells we found marked differences between the light- 
hole band structures calculated using the different k * p Hamiltonians. Our results 
demonstrated how the effect of nonparabolicity on light-hole confined-state energies 
becomes more marked with increasing confined-state index. We also demonstrated 
that the inclusion of the CB and SO band becomes more important if we are 
dealing with a material system having a narrow band gap or well width and a small 
spin-orbit energy. The parabolic model is insufficient to calculate the zone-centre 
confinement energies for narrow band gap materials and the difference between 
the parabolic and nonparabolic models becomes more pronounced when the zone- 
centre confinement energy of the light holes become comparable to the spin-orbit 
energy. Overall, the conduction-band and spin-split-off band can influence both the
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calculated zone-centre confined-state energies and the valence-subband dispersion, 
implying the importance of choosing an appropriate Hamiltonian for each material 
system under investigation.
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C h a p t e r  6
T h e o r e t i c a l  A n a l y s i s  o f  t h e  
V a r i a t i o n  o f  t h e  T h r e s h o l d  
C u r r e n t  w i t h  P r e s s u r e  i n  
S e m i c o n d u c t o r  Q W  L a s e r s
6.1 In tro d u c tio n
Long wavelength lasers operating at 1.3-1.55/tm wavelengths suffer from significant 
intrinsic losses such as intervalence band absorption (IVBA) [79] and Auger recom­
bination (AR) [80,105]. These intrinsic losses increase as the emission wavelength 
gets longer. With decreasing energy gap Egi the spin orbit splitting energy A 0 be­
comes closer and closer to Eg. This enhances the probability of Auger transitions 
in the valence band as well as intervalence band absorption [82]. In addition, the 
influence of intervalence band absorption and nonradiative Auger recombination 
can amplify each other [83], Large internal optical absorption losses increase the 
threshold carrier concentration, which in turn  leads to increased Auger losses. As 
a result of these losses, long wavelength devices have a high threshold current, low 
efficiency rjd and high temperature sensitivity. However, the performance of long 
wavelength quantum well (QW) lasers has been considerably improved in recent 
years. It has been proposed that the use of strained quantum-wells in place of
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unstrained quantum-wells would reduce IVBA due to the band structure modifica­
tions. It was originally suggested by Adams [2] that the reduced valence mass due 
to built-in axial-strain could result in the virtual elimination of the intrinsic loss 
mechanisms of IVBA. This prediction has now been demonstrated by high pres­
sure measurements of the quantum efficiency [84]. However, these 1.5pm  strained 
QW lasers still suffer from Auger losses [10,11] which accounts for almost 90% of 
the total threshold current at room temperature [85]. Fuchs et al [10] found an 
Auger coefficient which is independent of strain and only weakly dependent on 
temperature. These properties of the Auger coefficient suggest the dominance of 
phonon-assisted Auger recombination.
Hydrostatic pressure is a very useful tool to investigate the loss mechanisms in 
semiconductor lasers [82,86,87]. It increases the direct gap of the semiconductor 
at a rate of about lOmeV/kbar, thereby decreasing the emission wavelength of the 
laser. The loss mechanisms in a semiconductor laser are often strongly wavelength 
dependent, so that the pressure dependence of the threshold current then provides 
a very clear picture of the dominant loss mechanism in the given laser structure. 
Hydrostatic pressure has been used for instance to demonstrate that IVBA is 
effectively eliminated in strained QW devices, and also to quantify the leakage 
current over the heterobarrier in visible (650 nm) GalnP lasers [87].
The effect of hydrostatic pressure on a tetrahedral semiconductor, i.e. of groups 
IV, III-V and II-VI, is to decrease the crystal lattice constant and, consequently, to 
increase the direct bandgap Eg throughout the Brillouin zone. It changes the band 
structure qualitatively without changing the crystal symmetry. Fig. 6.1 illustrates 
the effect of hydrostatic pressure on a typical III-V semiconductor. Hydrostatic 
pressure widens the direct F6 — Tg bandgap at about lOmeV/kbar and L — T6 
indirect gap at about 4meV/kbar, and narrows the X  — T6 indirect gap much more
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slowly at some 2meV/kbar. The movements of the symmetry points shown in 
Fig. 6.1 are characterised by their pressure coefficients, a measure of the energy 
shift of the respective conduction band minimum in relation to the valence band 
maximum, as a function of pressure. The spin orbit splitting A is not expected 
to move with pressure; Bendoryus et al have found d A /d P  — 0.1 ±  0.4meV/kbar 
[88].
H eavy  H o le
Figure 6.1: The effect of hydrostatic pressure on the bandgaps of a III-V semicon­
ductor.
As well as increasing the band gap, hydrostatic pressure modifies some other 
aspects (such as the electron effective mass m c, and optical confinement factor 
T) of a QW laser. It alters the dispersion of the bands, particularly around the 
T conduction band minimum and light hole maximum. Adams et al [89] found 
that the relative increase in effective mass m c is approximately proportional to the 
relative change in the direct bandgap, which for GaAs is 0.75%/kbar. Therefore, 
the electron effective mass increases with band gap, increasing the transparency 
carrier density and the radiative component of the transparency current density. 
The decrease in emission wavelength leads to an increased optical confinement
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factor, thereby reducing the threshold material gain in the laser. The differential 
gain increases also with increasing band gap.
The aim of this chapter is to investigate the relative importance of these effects 
in different laser structures which are described in section 2. In section 3, we first 
calculate the pressure dependence of the optical confinement factor V for separate 
confinement heterostructures (SCH) using a five-layer dielectric waveguide model. 
We show that T is small in long wavelength lasers, as less of the light field is 
confined in the active region. We also show that dT/dEg is inversely dependent on 
Eg leading to a larger pressure dependence of T in long wavelength lasers than in 
visible lasers. In addition, a simple model for idealised QW lasers is presented in 
order to examine the pressure dependence of band structure. This model includes 
a single parabolic conduction band of mass m c which increases with increasing 
band gap due to pressure and a single parabolic valence band of mass m v which 
is constant. We find that transparency carrier density n tr always increases with 
pressure but that the threshold carrier density n th can decrease in long wavelength 
single quantum well (SQW) lasers because of the increases in optical confinement 
factor T and differential gain dG/dn. The predicted pressure dependence of both 
the radiative current and of the non-radiative Auger current is given in section 3.3. 
We find that the rate of decrease of phonon-assisted Auger recombination with 
pressure in long wavelength lasers is close that observed experimentally, implying 
that phonon-assisted Auger is the dominant loss mechanism. Our conclusions are 
summarised in section 4.
6.2 L aser S tru c tu re s
We consider lasers operating at a range of wavelengths, and which are similar to 
those which have been investigated using hydrostatic pressure at Surrey. The first
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type of devices studied are compressively strained long wavelength (1.54/zm) lasers. 
The laser consists of four I n 0.n0Ga0.287A s0.867P0.1331 0 .8  % strained, 48A quantum 
wells separated by 160A Ino.742Gao.2s8AsoA84Ro.5i6 barriers and surrounded by 
0.15/Ltm thick InP confining layers. The second type of devices are 1% tensiley 
strained four QWs I n 0.388Ga0.6i2A s / Ino.786Gao.214Aso.466Po.524l I n P  lasers with an 
emission wavelength of 1.53fim. The quantum well thickness is 95A, barrier thick­
ness 140A, and the confining layer thickness is 1500A. The third type of devices 
considered are compressively strained InGaAs/(Al)GaAs lasers with an operating 
wavelength of 1.025/ara. The laser structure consists of n- and p-type Alo.20Gao.80As 
confining layers, 1.5fim  thick, surrounding a single Jno.21Gao.69As 70A strained 
layer quantum well centred in a 0.1 fim thick GaAs collection layer. The fourth type 
of devices are SQW unstrained GaAs /  Alo.iGa0.oAs /  Alo.3Gao.7As  lasers emitting at 
0.842/Ltm. The quantum well thickness is 95A, barrier thickness is 140A and the 
confining layer thickness is 1500A. The fifth and last type of devices are 0.635fim 
visible lasers. The four 0.7 % tensiley strained QWs consist of 80A Ino.30Gao.01P  
wells with 60A (Alo.4Gao.o)o.5lno.5P  barriers and 900A (Alo^Gao^o.sIno.oP op­
tical confinement layers.
6.3 R e su lts  a n d  D iscussion
6.3.1 Pressure D e p e n d e n c e  of the Optical C o n f i n e m e n t  F a c ­
tor
The pressure-induced increase in the direct bandgap can have significant effects 
on the performance of lasers operated under high pressure, such as a reduction 
in Auger recombination and inter-valence band absorption in long wavelength 
lasers. The reductions in these mechanisms occur not only because of their in­
herent bandgap dependencies but also due to the changes in optical confinement
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In this section, we investigate the pressure dependence of the optical confine­
ment factor r  (i.e., the fraction of optical mode power in the active region) for the 
separate confinement heterostructure (SCH) quantum well lasers described above. 
A five layer dielectric slab waveguide model [47] was employed to calculate the 
optical confinement factor T. In a SCH the quantum well active region and sur­
rounding barriers are sandwiched between optical confining layers. The advantage 
of this structure is that the confinement of radiation to the recombination region 
can be made superior to that for the conventional double heterostructure (DH) 
laser, so that there is more efficient pumping of the optical field by the recombina­
tion processes. Therefore the values of T obtained with a five layer structure are 
larger than those for the equivalent three-layer structure [4].
The change in optical confinement factor with pressure due to the changes in 
operating wavelength is calculated. Table 6.1 shows the calculated values of T 
at Okbar and at 4kbar using a five-layer dielectric slab waveguide model, taking 
into account the index of refraction of each of the confining and barrier layers 
at the appropriate emission wavelengths. 1.53fim  long wavelength values are not 
shown in Table 6.1 because of the similar trends to those of the tabulated values 
of 1.54jLtm long wavelength lasers* The large refractive index differences between 
confining and barrier layers serve to confine the light and thereby provides the 
optical waveguide. It should be noted that the change in optical confinement factor 
with pressure modelled here is only due to the changes in operating wavelength. M. 
Hawley [90] has recently obtained minor variations in optical confinement factor 
T by including changes in refractive indices. Here we assume that the band edge 
refractive index does not vary with pressure. As can be seen from Table 6.1, the 
optical confinement factor T decreases with increasing wavelength A as more of
fac to r, a n d  its  effect on  th e  th re sh o ld  m a te ria l gain .
A (fim) dEg / meV  \ dP \ kbar ) r(%)-0kbar r(%)-4kbar (ikbar-1)
1.540 10.270 3.045 3.231 + 6.11 x 10"2
1.025 11.125 0.791 0.829 +  4.8 x 1(T2
0.842 11.500 2.748 2.815 + 2.44 x 10-2
0.635 9.900 12.596 12.892 + 2.35 x IQ-2
Table 6.1: Shows the values of T calculated at Okbar and at 4kbar using a five-layer 
dielectric slab waveguide model. dEg/d P  is the pressure coefficient of bandgap and 
T - 'd T /d P  is theAincrease in optical confinement factor with pressure.
the light field leaks out of the active region. On the other hand, it can be seen 
-^ ccucAtoncd
that theAincrease in optical confinement factor, T ^ d T /d P ,  is proportional to the 
wavelength. We have calculated that the optical confinement factor T increases by 
6.11% in 4kbar for long wavelength lasers, whereas this increase is only 2.35% over 
the same pressure range for visible lasers, being almost 1/3 of the increase in long 
wavelength lasers.
Using a three-layer waveguide model, T is predicted to vary with band gap Eg
as
r *  C E g , (6.3.1)
where C is a material constant, essentially independent of pressure. The smallest 
optical confinement factors are then found in long wavelength lasers, which there­
fore require the highest threshold gain. Since hydrostatic pressure increases the 
band gap Eg, we predict the largest fractional increase in F in long wavelength 
lasers using Eq. (6.3.1) as,
dr r
=  2 TT- (6.3.2)dEa Eg
From the above model, the fractional change of optical confinement factor T with 
bandgap Eg is inversely proportional to the bandgap, leading to a larger pres­
sure dependence of optical confinement factor T in long wavelength lasers than in
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A ( p m ) dEg / mev \ dP V kbar ' T(Okbar) T(4kbar) S  (4kbar 2) (Akbar x) ~lfL drr  dEg
1.540 10.270 0.00683 0.00729 0.00046 0.01119 1.31
1.025 11.125 0.00791 0.00829 0.00038 0.00854 1.3
0.842 11.500 0.02748 0.02815 0.00067 0.01456 0.78
0.635 9.900 0.02448 0.0251 0.00062 0.01565 1.25
Table 6 .2 : Comparison of the three-layer model with that of the calculated values 
of the live-layer waveguide.
visible lasers. The results of Table 6.1, the increase in optical confinement fac­
tor T~xdV/dP  is proportional to wavelength, confirms the trend predicted by Eq.
(6.3.2). According to the three-layer modelling
Eg <*T „
f i d F g  =  t6-3-3)
Therefore, using the values of optical confinement factor for five-layer dielectric 
slab waveguides, we have calculated this ratio which is shown in Table 6.2. In 
order to make more even comparison, we considered that all the laser structures 
have single quantum wells. As it is shown in the last column of Table 6 .2 , the 
ratio of 2  for three-layer dielectric slab is lowered to almost 1 .3  for the five-layer 
dielectric slab except in the case of the 0.842p m  laser.
6.3.2 Pressure D e p e n d e n c e  of the B a n d  Structure
In this section, we use an idealised model to examine the pressure dependence 
of the band structure. The analysis is based on the assumption that the lasing 
characteristics are dominated by a single parabolic conduction band of mass m c, 
and a single parabolic valence band of mass m v. From k • p theory, the conduction 
band mass in each material is assumed to be directly proportional to the band gap, 
while the valence band mass is assumed constant. Thus, the increase in bandgap 
due to pressure leads to an increase in conduction-band mass m c as well. The 
band-edge peak gain for electron and hole carrier density n  at the quantum-well
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band edge is given by [61]
Gma. =  G0[1 -  e-"/" ' -  e-*/"*], (6.3.4)
with
_  FEeiJ.2m T _  Too,, , ^
Go — i 3j  > > — *2t  » (6.3.5)€0C77ft JLj^ 7T#Zf JL/jg
where is the optical energy gap, fi2 is the squared dipole moment along a given 
polarisation of light, m r is the reduced mass, eQ is the permittivity in vacuum, 
77 is the refractive index of material, Lz is the well width, and n  is the injected 
carrier density. Transparency occurs when Gmax — 0 , and the transparency carrier 
density n tT, required for population inversion, can be found by solving Eq. (6.3.4) 
as
1 - e-“ =  e - a' R , (6.3.6)
where
a — n tr/n v, and R  — m c/ m v. (6.3.7)
Fig. 6 .2  (solid line) shows the calculated change of the transparency carrier density 
n tr with pressure for all the laser structures. We thus see that the n tr increases 
with pressure due to the increase in conduction band mass m c for a fixed valence 
band mass m v. We assume that the valence band mass m v is independent of 
pressure, as experiments show it to have only a very small pressure dependence 
even in strained structures [91]. The conduction band masses and their pressure 
dependences are given in Table 6.3. These coefficients have been calculated using 
the pressure dependence of the bandgap, dEg/dP.  The fractional increase in rac 
with pressure P , m ~1dmc.ldP, is then proportional to the wavelength, as seen in 
Table 6.3.
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A (fim) m hh(m0) mih(m 0) m c(m 0) (W nr-i)
1.540 0.0655 0.1364 0.045011 5.10 %
1.025 0.0835 0.1654 0.056057 3.68 %
0.842 0.0995 0.1912 0.067069 2.77 %
0.635 0.1645 0.2822 0.135039 2.03 %
Table 6.3: Shows the values of ra/^, m ^ , m c and the pressure coefficients of m c for 
the laser structures that we have been investigated.
The differential material gain at transparency, (3 =  dGmax/d n , can be deter­
mined by differentiating the peak gain in Eq. (6.3.4) with respect to carrier density 
as [61]
P =  J \ V R )  I1 +  «"“( * - til. (6-3.8)
with
=  (6-3-9)
The pressure dependence of the differential gain depends on the variation of Eg 
and mass ratio R  with pressure. This can be analysed as follows:
1) The bandgap Eg increases with pressure causing an increase in differential 
gain /3.
2) The mass ratio R  increases with pressure causing
• a decrease in (3 due to the ratio of 1 / ( 1  -j- R) in Eq. (6 .3 .8 ),
• an increase in (3 due to the second term in square brackets in Eq. (6.3.8).
• e~a tends to decrease this term  due to the increase in n tr with P.
• On the other hand, (R  — 1 ) increases with pressure.
3) The combined effect of all these give an increment in differential gain. The 
amount of this increase will in turn determine the rate of change in threshold 
carrier density with pressure.
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We assume a linear relationship between carrier density n  and the peak laser 
gain <7, so that the threshold carrier density, n tb, is then given by
n th = n tr + - f ,  (6.3.10)
where gth is the threshold material gain which takes the form
(i — r) l . i .  ,
gth -  “ a l  p « c +  f x  B (6.3.11)
where a a and a c are the active layer and cladding layer losses, L is the length 
of the laser, and R is the reflectivity of the end mirrors. Since we have deter­
mined n tr, /?, and gth as a function of pressure, the pressure dependence of n th 
can then be calculated using Eqs. (6.3.6) through (6.3.11). These allow us to 
investigate the pressure dependence of n th for given laser cavity parameters (laser 
length L, active layer thickness Lz etc.). This will in turn allow us to determine 
the pressure dependence of threshold current. From the above equations we find 
that transparency carrier density n tT and differential gain (3 — dGmax/dn  increase 
as pressure increases, whereas the threshold gain gth decreases with pressure due 
to the increase in T. Therefore, the threshold carrier density n th can decrease or 
increase as pressure increases depending on whether the first or second term is 
dominant on the right-hand side of Eq. (6.3.10). Fig. 6.2 (dashed line) shows 
how the calculated threshold carrier densities vary with pressure P  for the laser 
structures under investigation.
The variation of n th with pressure is calculated using the measured rate of 
increase of bandgap with pressure dEg/d P  as shown in Table 6.1 for each structure. 
As can be seen from Fig. 6 .2 , the threshold carrier density decreases with pressure 
for long wavelength 1.025pm  SQW lasers whereas it increases with pressure for 
the rest of the laser structures which have multiple quantum wells (MQWs).
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Figure 6.2: Pressure dependence of the transparency (solid line) and threshold 
(dashed line) carrier densities of a) 1.54fim, b) 1.025fim, c) 0.842,fim, and d) 
0.635fim  quantum-well lasers. The details of the lasers are given in section 2. 
The transparency carrier density n tr increases with pressure P for all laser struc­
tures due to the increase in m c. On the other hand, the threshold carrier density 
is calculated to decrease with pressure in SQW long wavelength 1.025fim  laser.
It is interesting to note that the threshold carrier density decreases with pres-r 
sure for SQW long wavelength lasers whereas it increases for multiple quantum 
well long wavelength lasers. This is shown in Fig. 6.3 for 1.54fim  compressively 
strained QW lasers. We have shown that the increase in optical confinement fac-
ksN
threshold gain in SQW than that of MQWs. These two effects combine and result
in a decrease in threshold carrier density in the SQW case.
1540 nm long wavelength laser
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Figure 6.3: The variation of threshold carrier density with pressure for 1.54pm  
SQW and MQWs.
6.3.3 Pressure D e p e n d e n c e  of Thr e s h o l d  C u rrent
It has been reported that [92] intervalence band absorption, in which the emitted 
radiation is re-absorbed by the excitation of an electron from the split-off band to 
an empty state in the heavy-hole band, is totally switched off in strained InGaAs 
structures with high indium content (>  60%). This is most likely caused by a 
strain-induced modification of the valence-band structure which reduces the in­
plane effective mass of the holes considerably and, as a consequence, reduces the 
transition probability for the IVBA process. Without intervalence band absorption 
the threshold carrier density decrease slightly, and so therefore does the amount 
of Auger recombination. Nevertheless, it has shown [84,93], for several 1.5pm 
wavelength strained-layer MQW lasers that Auger is still the main component of
the threshold current in long wavelength lasers, and is reduced by the application 
of hydrostatic pressure.
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Figure 6.4: The pressure dependence of the threshold current density I th for a bulk 
strained laser, a compressively strained 4QW laser and tensilely strained SQW 
and 4QW lasers, all emitting about 1.5fim, compared to the predicted pressure 
dependence of an ideal laser and that of a GaAs laser. Taken from reference [93].
In a loss-free laser, one would generally expect the radiative threshold current 
to increase with pressure as the band gap increases [8 6], This has indeed been 
observed for GaAs lasers [84,86] and we have calculated this increase as will be 
discussed in subsection 3.3.1. By contrast, all the 1.5pm  devices show a remarkable 
decrease in threshold current with pressure. This decrease has been attributed to 
the reduction in Auger recombination. Thus, the variation of threshold current 
with pressure, gives a measure of the relative strength of the Auger recombination 
as a function of wavelength. We assign the reduction in threshold current to 
a combination of two effects; i) a change in carrier density (increase or decrease) 
brought about by the pressure dependence of the gain-carrier
density relation and ii) the pressure dependence of the Auger coefficient.
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In the following two subsections we analyse the influence of both threshold 
carrier density n th and the radiative and non-radiative recombination coefficients 
B  and C , respectively, on the pressure dependence of the threshold current. This 
is achieved by using an analysis for the short wavelength lasers assuming the laser’s 
threshold current is dominated by radiative recombination, and assuming for the 
long wavelength lasers that the threshold current density is composed entirely of 
Auger current.
R ad ia tive  C u rre n t
Since the loss mechanisms decrease as the bandgap increases, neither I VBA nor 
Auger recombination present a problem in shorter wavelength GaAs lasers, where 
the bandgap EQ is more than 1 eV greater than the spin-orbit splitting A0. As 
the bandgap is increased by increasing pressure, any IVBA must occur at larger 
k values. It is for this reason that IVBA and AR is of little concern for short 
wavelength lasers where the mechanismswould require significant heavy hole pop­
ulations at large k values, which is an unlikely situation. Therefore, the threshold 
current in short wavelength lasers (assuming only radiative recombination) can be 
well approximated by
J th »  Bn\h, (6.3.12)
where B  is the bimolecular radiative recombination coefficient between electrons 
and holes and is band structure dependent. B  can be estimated analytically, as 
was done in chapter 4, using Maxwell-Boltzmann statistics, and assuming strict k 
selection:
_  e2Lz n E g < M 2V > 
eom 20c*kT m v(l -f R) ’
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where < M 2V > is the squared momentum matrix element averaged over all polar­
izations of light, which is assumed here not to vary with wavevector k and pressure. 
Therefore, the radiative threshold current can be assumed to vary as
Jth  OC (6 .3 .1 4 )
We see that the radiative recombination coefficient B always increases with increas­
ing bandgap due to pressure, with the overall behaviour of the threshold current 
density Jth depending also on the relative change in the threshold carrier density 
n th•
Pressure (kbar)
Figure 6.5: Pressure dependence of radiative current density of 0.842, 0.635, 1.025 
and 1.54pm  quantum well lasers. The measured pressure dependence of GaAs 
laser, taken from reference [9 3 ], is shown by the triangles.
The calculated variation of J th with pressure is shown in Fig. 6.5 for the 0.635, 
0.842, 1.025 and 1.54pm  QW lasers described in section 6 .2 . As was also observed 
experimentally (triangles), the calculated variation in the radiative threshold cur­
rent of the GaAs/AlGaAs lasers (solid-line) increase with pressure because of the
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increase in both B  and n th• The radiative threshold current of the 0.635/6m  visible 
laser also increases with pressure; however, the increase is much slower than that 
of the 0.842/6771 case because of the slower fractional change in 3? and Eg with P. 
On the other hand, the radiative threshold current of the 1.025/6m laser decreases 
with pressure. This decrease is due to the decrease in nth in this single quan­
tum  well device, which offsets the increase in B  completely. Finally, the radiative 
threshold current increases with pressure for long wavelength 4QW 1.54/6771 lasers 
because of the increase in n th with pressure. This increase is contrary to what is 
observed experimentally (Fig. 6.4), implying that radiative recombination is not 
the dominant current process at 1.54/6m.
N o n -rad ia tiv e  A uger C u rre n t
In long wavelength lasers, the room temperature threshold current is believed to 
be dominated by non-radiative Auger recombination in which an electron and 
hole recombine across the band gap and excite a third carrier into the valence 
or conduction band. Thus, the transition does not generate any photons. In 
this process, three active carriers are made unavailable for lasing. So, it is an 
undesirable process in semiconductor lasers because it makes reduction of threshold 
current difficult. As a result of three carriers being involved, and using Boltzmann 
statistics, the Auger term  varies as n*h. The threshold current density is then 
simply given by
Jth«  Cn3th, (6.3.15)
where C is the Auger recombination coefficient. This expression is based on Boltz­
mann statistics, parabolic conduction and valence bands, and assumes therefore 
that the Auger term C is not carrier density dependent. The Auger recombina­
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tion process in semiconductors can either be direct [94] or phonon-assisted [95,96]; 
both have been widely investigated for both bulk semiconductors [97,98,99] and 
quantum-wells [100,101,102] and were described in more detail in chapter 2. The 
CHCC and CHSH Auger processes are believed to be the two dominant processes 
in devices operating at 1.5fim  wavelength.
Hydrostatic pressure can be used to investigate the non-radiative loss mech­
anisms due to Auger recombination. The pressure dependence of the threshold 
current will depend both on the pressure dependence of the non-radiative recom­
bination coefficient C and of the threshold carrier density n th- In practice, the 
threshold current decreased by about 20% up to 6kbar in a device [84] similar to 
the long wavelength laser considered here. We have calculated the pressure de­
pendence of the different Auger processes, using expressions from the literature 
based on parabolic bands and Boltzmann statistics. Auger recombination pro­
cesses has been investigated by many authors [80,97,98,103,104,105]. In most of 
these works, analytical expressions of the Auger recombination coefficients under 
different conditions were derived. The usual assumptions behind these expressions 
are (i) parabolic and isotropic bands, (ii) Boltzmann statistics, and (iii) a constant 
transition matrix element. It should be admitted that the validity of these assump­
tions is questionable. The valence subbands in particular are often far from being 
parabolic and the accuracy to which Boltzmann statistics represents the carrier 
occupancy will decrease with increasing carrier density. On the other hand, it is 
very difficult to calculate accurately the Auger transition rates in real systems be­
cause of the complexities involved in integrating over a large portion of the band 
structure, uncertainities in the band structure itself, and in the matrix elements. 
The use of a realistic band structure yields smaller values of the Auger coefficients 
than those find with parabolic approximation [105], because of the differing shape
of the real bands. Although the parabolic approximation ignores many features in 
the real band structure, it should nevertheless be useful for obtaining an order of 
magnitude estimates of the Auger coefficients and their band gap dependence.
i) Direct Auger processes
CHCC
Conduction Band
^ \^ H e a v y  Hole
^  Split-Off
Figure 6 .6 : Schematic diagram of direct Auger recombination process in which an 
electron in the conduction band recombines with a hole in the heavy hole band 
transferring its energy and momentum to an electron in the CB which is lifted 
to a higher CB state (CHCC), or an electron in the split-off band to an empty 
heavy hole state. The electrons are represented by closed circles and holes by open 
circles. Arrows indicate the electron transitions. Symbols C, H and S designate 
conduction, heavy hole and split-off band, respectively.
A schematic diagram of the two major direct CHCC and CHSH Auger recom­
bination processes is shown in Fig. 6 .6 . The direct Auger recombination rate can 
be expressed as [97]
Cd = C0e-E‘/kBT, - . (6.3.16)
where Ea is the activation energy. Assuming parabolic conduction, valence and
114
CHSH
spin-orbit bands and Boltzmann statistics the minimum activation energy E a and 
coefficient CQ for the CHCC direct Auger process can be written as
Ea(CHCC)  =  mf 9 , (6.3.17)m c +  m hh
where m c and mhh are the conduction band electron and valence band heavy-hole 
mass respectively, and Eg is the bandgap energy. \Mee\ is the matrix element of 
the electron-electron interaction which can be taken for the CHCC process as [104]
Inserting Eq. (6.3.19), Eq. (6.3.18) and Eq. (6.3.17) to Eq. (6.3.16) and consid­
ering only pressure dependent terms, the direct Auger recombination rate for the 
CHCC process becomes
Cd{CH C C )oc +  1 exp( Hh _®L). (6 .3 .2 0 )
(2771m +  m e)2 E 2 m c +  m hh kBT
Using the same model, the activation energy and coefficient G0 for the direct 
CHSH Auger process can be written as
Ea(C H SH )  =  ^ ( - S g - A )  3
(2777m + m c -  m a) '
(6.3.22)
with the matrix element for the electron-electron interaction in the CHSH process 
given by
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where fcH  and fsH are oscillator strengths which can be represented in the Kane 
model by [106]
. Ev . Ep %2kl . m as . .
*CB = W g ’ *SH =  3A(jEg +  A) 2 m 0  ^ +  (6.3.24)
where Ep is the energy equivalent of the momentum matrix element which is eval­
uated for different semiconductors by Lawaetz [107]. Here k2 is the solution of
E g -  A -  ea(k2) = 0. (6.3.25)
Thus |Mee|2 can be written as
I M“ 1 =  ( 2 ^ } QEgA(EB + A ) '  (6.3.26)
Similarly, the pressure dependence of the direct CHSH Auger rate can be found 
by inserting Eq. (6.3.26), Eq. (6.3.22) and Eq. (6.3.21) into Eq. (6.3.16):
Cd(CHSH) oc (mfch y m *(2rnhh. 4-mc - m a) 1
m v (2mh +  m c) 2 EgA 2(Eg +  A) 
m . E n — A .
x e x p ( - -  — 7  m )> (6.3.27)2mhh + m c — m a kBT
where m a is the mass of the spin-split-off band, A the spin-split off energy, and
m v ~  (mhh -f mih).
It is clear from the above equations that the relative strengths of these processes 
are heavily dependent on the bandgap and effective masses. Therefore, the Auger 
coefficients decrease as the bandgap Eg and conduction band effective mass m c 
increase due to pressure. Combined with the variation in nth, this leads to a
decrease of about 80% up to 6kbar in the calculated threshold current of 1 .5 4 fim
compressively strained laser, as seen in Fig. 6.7.
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Figure 6.7: The calculated pressure dependence of the threshold current of long 
wavelength 1.54pm  lasers. p-CHSH, p-CHCC are phonon-assisted and d-CHSH, 
d-CHCC are direct CHCH and CHCC Auger processes , respectively.
ii)Phonon-assisted Auger processes
The strong band structure dependence of the direct Auger processes arises 
from the conservation laws of energy and momentum. In the phonon-assisted 
Auger processes conservation of momentum can be fulfilled by the phonon (see 
Fig. 6 .8 ). As a consequence, one may expect the influence of the band structure is 
less important in phonon-assisted Auger processes. This has indeed been found in 
calculations a l.bApm  compressively and l .bSpm  tensiley strained lasers, assuming 
the pressure dependence of the phonon-assisted Auger processes discussed below.
The phonon-assisted Auger recombination rate is given by Haug [101] as
c  = A  1 + ehWkBT 1 IR 3 981
p  2 h  e ’ ^  - 1  \ p . E g  +  H u ) 2  ( p , E g  -   ^ ^
117
CHCC CHSH
Split-Off
Figure 6.8: Schematic diagram of a phonon-assisted Auger recombination CHCC 
and CHSH processes. Phonon-assisted processes are similar to direct processes 
except that the final state is reached by the emission or absorption of a phonon 
from an intermediate state I.
with
Eg -  E g , p =  m c/ m hh 
for the CHCC process and
Eg " E g  - A  , p  =  m s/ m hh
(6.3.29)
(6.3.30)
for the CHSH process. A is the area of the QW, p E g is the kinetic energy associated 
with the forbidden intermediate state, and Uu) is the phonon energy. In addition 
to electron-electron interaction Mee, in this case the electron-phonon interaction 
M ep is involved and this is described by [104] 
fin D 2hto
\ M e p \2 = (6.3.31)
A L Z 2M v 2a
where D  is the deformation potential, v a is the velocity of the sound and M  is the 
sum of the masses of the atoms in the elementary cell of volume 0 o. The matrix
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element for the electron-electron interaction \Mee\ is given by Eq. (6.3.19) and Eq. 
(6.3.26) for the CHCC and CHSH Auger processes respectively. Therefore, the 
pressure dependence of the CHCC Anger rate can be derived by substituting Eq. 
(6.3.29), Eq. (6.3.31), and Eq. (6.3.19) into Eq. (6.3.28), giving
Op( C H C C )oc r n o ( ~ ) 2(A ) ,  (6-3.32)
c g
Similarly, subsitution of Eq. (6.3.30), Eq. (6.3.31) and Eq. (6.3.26) into Eq. 
(6.3.28) yields
" • f p s r W A F '
We see that the increase in band gap and conduction band effective mass m c 
due to pressure decreases the phonon-assisted Auger-rate. The resulting calculated 
pressure variation is shown in Fig. 6.7 where we have assumed in both cases that 
the phonon energy is small. In this case the decrease is about 30% up
to 6kbar, which is much weaker than for the direct processes. Our calculations also 
show that the influence of the band structure is less important for these processes, 
because the rate depends directly on the effective masses rather than an exponential 
terms involving the effective masses.
Experimental evidence suggests that phonon-assisted Auger processes are the 
dominant loss mechanism in long wavelength lasers. The results of Fuchs et al 
[10], using time-resolved photoluminescence, show an approximately constant C 2D 
with strain. They attribute this constant Auger coefficient to the fact that the 
Auger process is phonon-assisted and therefore less band-structure sensitive than 
the direct process. It has also been shown that the temperature sensitivity of 1.6% 
tensile strained lasers is insensitive to pressure [90]. Such behaviour could also 
be explained if the dominant Auger processes were phonon-assisted rather than
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direct processes, the temperature dependence of the former being controlled by 
the phonon population rather than depending directly on the band gap.
A. Haug [105] compared the CHSH Auger recombination coefficient in In- 
GaAsP calculated using a realistic band structure with that obtained from the 
usual parabolic approximation. His results demonstrated that the parabolic band 
approximation is insufficient to calculate direct Auger processes. In these calcu­
lations the actual CHSH Auger coefficient was 65% less than the value obtained 
using parabolic bands. On the other hand, the use of a realistic band structure 
instead of the parabolic approximation yielded a much smaller difference, of only 
15%, in the phonon-assisted CHSH Auger coefficient.
1531 nm  long wavelength laser
Pressure (kbar)
Figure 6.9: The variation of the threshold current with pressure for 4QW and 
SQW 1.53p m  tensiley strained laser considering phonon-assisted and direct CHSH 
Auger processes. The measurements of similar devices of 4QW and SQW 1.5p m  
tensiley strained laser are given by empty and filled squares, respectively.
1 2 0
Hydrostatic pressure measurements of a 1.5p m  compressively strained 4QW 
laser, which is similar to our 1.54p m  device, shows a reduction of 20% in I th up 
to 6kbar (triangles in Fig. 6.7) [84]. As can be seen from Fig. 6.7, the reduction 
in I th due to the phonon-assisted CHSH process (dotted line) is almost 25% over 
the same pressure range. Therefore, our results suggest the conclusion of Fuchs et 
al [10] that phonon-assisted Auger recombination is the dominant loss mechanism 
in long wavelength lasers. Our results also indicate that the dominant process is 
phonon-assisted CHSH Auger recombination.
1531 nm long wavelength laser
Pressure (kbar)
Figure 6.10: The variation of the threshold current with pressure for 4QW and 
SQW 1.53p m  tensiley strained laser considering phonon-assisted and direct CHCC 
Auger processes. The measurements of similar devices of 4QW and SQW 1.5pm  
tensiley strained laser are given by empty and filled squares, respectively.
Adams et al [84] have also reported that the threshold current of a tensiley 
strained SQW laser decreases at a quicker rate than for a tensiley strained 4QW 
structure. We have calculated that the optical confinement factor T increases at 
a quicker rate in the SQW case than in the multiple quantum well case resulting
1 2 1
in a decrease in the threshold carrier density n th} as was shown for a 1.54f im  
compressively strained laser in Fig. 6.3. The decrease of nth in the SQW case 
results in a quicker decrease in the threshold current of the SQW laser. Our 
results, for the variation of the non-radiative threshold current with pressure for 
4QW and SQW structures, are shown in Fig. 6.9 and Fig. 6.10 for the different 
Auger processes. We see from Fig. 6.9 that the variation of I th due to the phonon- 
assisted CHSH Auger process is similar to that measured experimentally. The 
theoretical trend and the difference between the 4QW and SQW values are in best 
agreement with the measurements.
In summary, the predicted changes in the performance of long wavelength 
1.5( im  strained quantum well lasers due to the application of hydrostatic pres­
sure are summarised in Table 6.4.
Effect of pressure Effect on laser parameters
m c Z n^ Z
e 9 Z r  / \  gth \ ,  (3 Z , n th \ o r  Z
A R \ Jth \
Table 6.4: Summary of the effects of hydrostatic pressure on the performance of 
long wavelength 1.5[ im  strained QW lasers. (ntT is the transparency carrier density, 
T is the optical confinement factor, gth is the threshold gain, [3 is the differential 
gain, n th is the threshold carrier density and finally J th is the threshold current 
density.)
6 . 4  C o n c l u s i o n s
In conclusion, model calculations have been presented to investigate the effects 
of hydrostatic pressure on the threshold carrier and current density for a series 
of typical laser structures. We have shown that d T /d E g is in general inversely 
proportional to the bandgap E g leading to a larger pressure dependence of the 
optical confinement factor T in long wavelength than in visible lasers. Using simple
1 2 2
expressions for idealised quantum-well structures, we have shown that although the 
transparency carrier density n tr increases with pressure in all cases, the threshold 
carrier density n th can decrease due to the increased optical confinement factor.
The radiative threshold current of GaAs/AlGaAs lasers is calculated to in­
crease with pressure as the bandgap increases, in agreement with experiment. 
On the other hand, hydrostatic pressure measurements of 1 .5pm  long wavelength 
strained MQW lasers, show a reduction of order 20% in I th up to 6kbar [84]. We 
have obtained a similar reduction in the calculated threshold current, when we 
assume phonon-assisted Auger recombination to be the dominant loss mechanism 
in agreement with recent work by Fuchs et al citeFuchsl9930^urthermore, our 
calculations also suggest that this loss mechanism is phonon-assisted CHSH Auger 
process.
The variation of the threshold carrier density with pressure for long wavelength 
SQW lasers is found to decrease faster than for MQWs due to the quicker increase 
in the optical confinement factor in the SQW causing a decrease in the threshold 
carrier density n th• Since the non-radiative Auger current varies approximately 
as n^, this leads to a quicker decrease in threshold current I th for SQW lasers 
compared to MQWs, in agreement with threshold current measurements on similar 
long wavelength lasers.
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C h a p t e r  7
A n a l y s i s  o f  
I n G a A s / G a A s / A l G a A s  Q u a n t u m  
W e l l  L a s e r  S t r u c t u r e s  G r o w n  o n  
( 1 1 1 )  G a A s  S u b s t r a t e s
7 . 1  I n t r o d u c t i o n
I n xG a i - xA s  is the best material system for obtaining semiconductor laser emission 
in the wavelength range A «  0.88 — 1.1 f im .  However, there is no suitable binary 
substrate material which allows lattice matched compositions of I n xG ai^xA s  in 
this wavelength range. So, only a lattice-mismatched heterostructure system may 
be considered. Much of the current strained epitaxy focuses on the (001) substrate 
orientation because of the wide range of growth conditions which result in good epi­
taxial layer quality on this crystalline orientation. In recent years, some novel phys­
ical properties have been reported for semiconductor heterostructures grown on 
(111)1? substrates. A lower threshold current density of 158 A / c m 2, than the (001) 
case, was demonstrated in a graded-index separate-confinement GaAs/AlGaAs 
quantum-well laser fabricated on a ( l l l ) B  oriented surface [108,109]. The well 
width and cavity length of the lasers were 70A and 490f im . The reduction of 
threshold current density has been attributed to the enhanced HH1-LH1 splitting
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for this orientation. In addition, the critical thickness of strained I n xG a i - xA s  lay­
ers grown on ( l l l ) B  GaAs is believed to be about twice that for (001) [110]. This 
enhancement of the critical layer thickness allows an increase of the In content in 
(1 1 1 ) strained I n xG a\^xA s  quantum well lasers, which could in principle lead to 
emission at longer wavelengths on (1 1 1 ) substrates.
Tao and Wang [111] demonstrated for the first time a strained I n G a A s  QW 
laser grown on ( l l l ) B  GaAs at a wavelength of 988 nm with a threshold current 
density of 267 A / c m 2. Then Ishihara and Watanabe [112] succeeded in fabricating 
a strained InGaAs QW laser on ( l l l ) B  GaAs with emission wavelength of 1072 
nm and threshold current density of 164 A / c m 2. More interestingly, Smith and 
Mailhiot [113] predicted that due to the lack of inversion symmetry in the zinc- 
blende structure, a net displacement of the positive and negative charges can be 
generated in a strained QW grown on a (111) substrate. As a result, a large 
strain-induced internal electric field emerges via the piezoelectric effect [114]. This 
internal field modifies the carrier wavefunctions, reduces the energy of the lowest 
transition and pulls the electron and hole wave functions to the opposite sides of 
the QW, as seen in Fig. 7.1. Furthermore, the built-in field can be compensated by 
applying an external field [115] or by photogenerated electron-hole pairs [116,117]. 
These pairs are spatially separated by the piezoelectric field and form two planes 
of opposite charge. This in turn induces an electric field which partially cancels 
(screens) the built-in field. The extent of this screening will clearly depend on 
the density of electrons and holes. This carrier-dependent field effect has some 
potential application for nonlinear devices where the free carriers are generated 
by photo-absorption. On the other hand, InGaAs/GaAs/AlGaAs strained QW 
heterostructures grown on (1 1 1 ) GaAs substrates have been drawing interest for 
laser applications, because of their attractive properties which include their low
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threshold current [108,118] and their possible application as a monolithic blue- 
green light sources, with emission about 0.5 fim , using second harmonic generation 
[119,120]. Work to date for the study of strained QWs on (111) oriented substrates, 
however, has been performed for nonlinear optical devices. The study here is 
intended to provide a comparison of (001) and (1 1 1 ) oriented heterostructures 
from the laser point of view.
We are primarily concerned with the effects of orientation dependence on crit­
ical thickness and material parameters for (111) GaAs QWs, compared to (001) 
wells and on the consequences of these orientation dependent terms for laser emis­
sion wavelength. In addition, we present a simple model to estimate the carrier- 
density dependence of the screened piezoelectric field in (111) oriented lasers. We 
present, for the first time, a theoretical investigation of linear gain for a single 
strained I n OAGao.eAs QW on a ( l l l ) B  GaAs substrate as grown by Ishihara and 
Watanabe [112 ]. Comparison of the peak gains of (111) and (001) oriented strained 
QW lasers are presented as well.
(001) ( i l l )
CB
VB
Figure 7.1: Conduction, valence band edges and carrier wavefunctions for quantum 
wells grown along (001) and (111) oriented substrates. The wells are compressively 
strained and the barriers are unstrained. The dashed lines are the confined levels 
of the conduction and valence bands.
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7 . 2  O r i e n t a t i o n  D e p e n d e n c e  o f  C r i t i c a l  T h i c k ­
n e s s  h c
In the growth of lattice-mismatched systems, a critical layer thickness hc exists 
below which the strained layer is expected to be in a thermodynamically stable 
state. Above hc, the misfit is predominantly accommodated by material defects 
such as dislocations. So, in a strained-layer, lattice-mismatched system, the thick­
ness of QWs in the structure is a design constraint. Hence, the enhancement of 
hc, if possible, would be of crucial importance for devices in lattice-mismatched 
systems. Recently, Anan et al [110] stated that the critical thickness is dependent 
on the growth direction, with the largest hc expected for the (1 1 1 ) growth direction 
in zinc-blende systems. We review below the calculation of critical thickness hc 
with respect to growth orientation.
The critical thickness hc can be calculated by solving the following Matthews 
and Blakeslee equation for a single heterostructure [110,121]:
h
B bhceocos0 =  Db{ 1 — crcos2a ) [ ln ( -L )  -j-1 ]} (7.2.1)
where B and D are constants concerned with elasticity defined below, b is the 
amplitude of the Burgers vector, eD denotes misfit strain, and cr is the Poisson’s 
ratio. 0 is the angle between the slip direction and that direction in the interface 
which is perpendicular to the line of intersection of the slip plane and the interface, 
while a  is the angle between the dislocation line and the Burgers vector. The left- 
hand term denotes the force Fe due to strain which acts to form a misfit dislocation. 
The right-hand term denotes the line tension of a dislocation Fi which acts to resist 
the formation of the dislocation.
Shown in Fig. 7.2(a) is a representation, at an exaggerated scale, of the unit 
cells of I n xG a i_ xA s  and GaAs. The unit cell of I n xG a \ - xA s  can be as much as
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3.5% larger than GaAs for x < 0.50. In the case of a single layer, as shown schemat­
ically assuming a relatively thick GaAs host in Fig. 7.2(b), the / n a,Gfa,i_a,A3 cell 
is shortened in both directions parallel to the interface (biaxial compression) and 
elongated in the direction normal to the interface (uniaxial tension). If the force 
Fe exceeds the tension Fi in a dislocation line , migration of threading dislocation 
results in the formation of a single misfit dislocation [121].
□ InGaAs
(a) Bulk (b) Single Layer (c) Quantum Well
Figure 7.2: Schematic diagram (a) of separate I n xG a \ - xA s  and GaAs unit cells,
(b) a single layer, strained layer I n xG a i_ xA s-  GaAs structure, and (c) an inserted 
I n xGai-.xA s  — G aA s  strained layer structure.
If the I n xG a1^xA s  cell is inserted between thick layers of the host to form a 
quantum well, then both interfaces are under biaxial compression, as shown in Fig. 
7.2(c). If the force jFe exceeds twice the tension Fi in a dislocation line, migration 
of threading dislocation results in formation of two misfit dislocations [121]. In the 
case of a superlattice, where the concept of a host does not apply and alternating 
layers are under either biaxial compression or tension [121].
The effect of growth orientation on hc mainly consists of two parts [110]. The 
first is the dependence of elasticity on orientation, which is reflected through the
1 2 8
change of coefficients for B, cr, and D in Eq. (7.2.1). The second is the change in 
the geometrical arrangement of the Burgers vector and heterointerface, the effect 
of which is described by the change in the 6 value of Eq. (7.2.1). The expressions
for the coefficients B, cr and G for the (001) and (111) directions are listed in Table
7.1. Eq. (7.2.1) was simplified by Coleman [7] for the (001) orientation, assuming 
the layers in a superlattice to have equal elastic constants, as
a  1 -  O.25cr<001> , h cV 2  „ .
C~M/27re„ 1 +  <*««> ( a + 1 } ’ (7-2‘2)
where a is the lattice constant of the strained layer, and cr001 is the the (001) 
Poisson ratio, k, is a coefficient having a value of 1 for a strained layer superlattice, 
2 for a single quantum well and 4 for a single strained layer.
(001) (1 1 1 )
a C 12/ ( C 11 +  C12)) (Gn -f 2G12 — 2G44)/2(Gh 4- 2G12 +  G44)
B (Gn +  2Gi2)(Gn — G12)/G n 6(Gn +  Gi2)G44/(Gh +  2Gi2 +  G44)
G (Gn — Gi2)/2 G44
D G0Ga6/[27r(G0 -j- Ga)( l — <r)] G 0G ab/[27r{G0 +  Ga)( l -  a)}
Table 7.1: The values of c r ,B ,G , and D  in terms of the elastic constants. G 0 and 
G„ denote the shear moduli for the overgrown layer and substrate, respectively. 
D  has the same notation for both orientations, but has a different actual value 
because of the orientation dependence of G  and cr.
Fig. 7.3 compares the calculated critical thickness hc for a superlattice, quan­
tum well and single layer on an (001) substrate using Eq. (7.2.1) and Eq. (7.2.2). 
As can be seen, the effect of elastic constant differences on the critical thickness 
hc is negligible, and, therefore, Coleman’s simplified expression is a good approxi­
mation that can be used for the analysis of hc in (001) orientation. We have also 
calculated hc for the three types of structure as a function of In composition for 
(111) growth which is shown in Fig. 7.4, using Eq. (7.2.1). We see that the critical 
thickness hc is enhanced in the three cases for (1 1 1 ) growth.
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In composition, x
Figure 7.3: The variation of critical thickness as a function of indium composition 
for (a) a superlattice, (b) quantum-well, (c) single strained layer (001) oriented 
structures. Solid-line is according to the model of Matthews and Blakeslee, dashed 
line is according to Coleman’s [7] simplified expression.
Fig. 7.5 compares the quantum well hc for (001) and (1 1 1 ) oriented growth. 
The calculated hc on (111) is about two times larger than that on (001) over the 
entire In composition range. The difference is mainly caused by the different 0 
value between (001) and (1 1 1 ); i.e., cosO =  1/2 for (001) and cosO =  l / 2\/3 for 
(111). This means that the force acting to form the misfit dislocation is y/3  times 
larger for (001), thus resulting in a smaller hc. In this section, we reviewed the 
orientation dependence of the critical thickness. It is seen that the critical layer 
thickness hc is predicted to increase in (lll)-oriented  layers compared to (001)- 
oriented layers. This enhancement of the hc in (lll)-oriented  layers should enable 
layers of higher strain to be grown for a given well width. Therefore we may expect
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that this enhancement could lead to emission at longer wavelengths for lasers grown 
on (111) substrates. However, this may not necessarily be the case as, we shall see 
in the following sections.
In composition, x
Figure 7.4: The variation of critical thickness as a function of indium composi­
tion for (a) superlattice, (b) quantum-well, (c) single strained layer (1 1 1 ) oriented 
structures according to the model of Matthews and Blakeslee.
In composition, x
Figure 7.5: Comparison of the critical thickness of a strained quantum-well grown 
on (1 1 1 ) and (001) oriented substrates calculated as a function of indium compo­
sition, using the Matthews and Blakeslee model.
131
7 . 3  O r i e n t a t i o n  D e p e n d e n c e  o f  M a t e r i a l  P a r a m ­
e t e r s
7 .3 .1  E f f e c t iv e  M a s s e s
7i 72 73 mr6 rn^(OOl) mzk(001) m*hh( 1 1 1 ) " * ( 1 1 1 )
GaAs 6.790 1.924 2.681 0.067 0.339 0.094 0.7 0.082
InAs 19.67 8.37 9.29 0.023 0.341 0.027 0.917 0.026
Table 7.2: Conduction-band edge effective mass mr6 and calculated hole effec­
tive masses for (001) and (111) orientations using Luttinger parameters from 
Molenkamp for GaAs and Lawaetz for In As.
An important difference between quantum structures grown on (001) and (111) 
substrates is the different effective hole masses for these two orientations. The 
effective masses in the vicinity of the zone centre (k = 0) are expressed in terms of 
Luttinger parameters ( 7 1 , 7 2  ,a n d  7 3 )  as follows
177/
m ’hhjH =  for (001), (7.3.1)
TYh
m hh,ih =  — f i r  for (111), (7.3.2)7i -F ^ 73
where m 0 is the free-electron mass, the upper sign stands for heavy-hole, and lower 
sign for light-hole. Lawaetz [107] calculated Luttinger parameters for all the III-V 
compounds. However, detailed experimental investigations [109,122,123,124] show 
that the Lawaetz Luttinger parameters for GaAs lead to a much larger heavy 
hole effective mass than is observed along the (111) direction. So the Luttinger
parameter set proposed by Molenkamp [122] is used for GaAs in our calculations.
The resultant hole effective masses are calculated and listed in Table 7.2. The 
heavy-hole effective mass along the (1 1 1 ) direction is found to be about twice as 
large as that along (001). On the other hand, the light-hole effective mass has a 
much weaker dependence on orientation.
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7 .3 .2  E la s t ic  D e f o r m a t io n  a n d  S t r a in - in d u c e d  B a n d - e d g e  
S h if t
For a sufficiently thin epilayer, all of the strain will be incorporated elastically in 
the layer. Consider the case of a compressively-strained layer. The epilayer is 
under a biaxial stress such that its in-plane lattice constant au equals that of the 
substrate aB. When the epilayer is grown on a (001) substrate, off-diagonal strain- 
tensor elements vanish, and the three major diagonal elements, eu(i — x , y , z ) ,  can 
be expressed as
a s — a e
CxX   Cyy   =  £0, (7.3.3)
ae
2 C12 <r<001>
C u e ° ~  ( >
where ae and aB are respectively the lattice constants of the epilayer and substrate
material, C n  and C 12 are the elastic stiffness constants, and eD is the strain which,
increases with indium composition.
The total strain can be resolved into a purely axial component, eaa3, given by:
i C n  +  2Ci2n_ fr7  0  e \
Cax — Czz 6XX — ( )5o, (7.3.5)Gil
and a hydrostatic component evoi =  ( “ —), given by:
C l t  -  C l 2
Cvoi — Cxx +  cyy -j- ezz — 2(  — )eD. (7.3.6)On
The axial strain breaks the cubic symmetry of the semiconductor lattice, introduc­
ing a tetragonal distortion which splits the degeneracy of the light and heavy-hole 
states at the valence-band maximum [78]. For small axial strain, the heavy and 
light-hole states are shifted by an energy 3~S respectively, with respect to the 
mean valence-band edge energy. The magnitude of 5 , the strain-splitting energy, 
is dependent on the axial strain,
S  = —beax, (7 .3 .7 )
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where b is the axial deformation potential. The hydrostatic strain evoi changes 
the band gap, shifting the conduction-band minimum with respect to the average 
valence-band energy by
AjEg — (ac — av)evoi , (7.3.8)
where ac and av are the hydrostatic deformation potential of the conduction-band 
and valence-band respectively.
For (111) growth, the tetragonal distortion is with respect to the (111) direction, 
not the cubic axes; consequently, the off-diagonal strain-tensor elements are non­
zero in this case. In the (111) oriented strained system, the strain tensor elements 
ea and €ij are given by [125]
e"  =  C u  +  2 C u +  4<74 4 e<”  ( 7 ’3 ' 9 )
=  ~((?ii +  2gxa) (7<U0l
C u  +  2C a  +  4 C44 ^
where ( i , j  — x , y , z , i  Y  j)- The band-edge shift for (111) quantum structures 
is related to the shear component of the deformation potential, d  , due to the 
non-zero off-diagonal strain-tensor elements. Thus , the uniaxial and hydrostatic 
component of the strain are given as
S  =  YSdeij, (7.3.11)
A Eg =  3 (ac -  av)eu. (7.3.12)
7 .3 .3  B a n d g a p  A l t e r a t io n  a n d  E m is s io n  W a v e le n g t h
As was shown in section 7.3.2, the strain tensor elements for the (001) and (111) 
orientations are different. This results in a smaller Poisson ratio, given in Table 
7.3, for (111) oriented growth, and consequently larger hydrostatic shifts compared
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to (001), yielding a strong orientation dependence to the energy difference between 
the conduction- and valence-bands. The hydrostatic and uniaxial strain corrections 
to the r  point energy differences between the conduction- and valence bands for 
(001) and (111) are given respectively by
AEhh,ih =  - 2 a ( ^ i - ^ H  ±  (7.3.13)Uli On
AEhhiih =  -3aeii 4= V s d t i j ,  (7.3.14)
where A E kh and A Eih are the shifts in the heavy-hole and light-hole valence-band 
edges with respect to the conduction-band edge. Table 7.3 gives the material 
parameters necessary to calculate Eqs. (7.3.13) and (7.3.14) for InGaAs strained 
layers on GaAs. The parameters for the ternary I n xG a i - xA s  quantum-well are 
constructed from a linear interpolation of the endpoint binary semiconductors, 
InAs and GaAs. The calculated variation in energy for the light-hole and heavy- 
hole valence-band edges is shown in Fig. 7.6. The shift of the heavy-hole and light- 
hole valence-band edge with composition is greater on (111) than on (001). This 
leads to a larger band gap on the (111) orientation for a given composition. This 
enhancement of the band gap is mostly due to the hydrostatic pressure component 
of the strain. For tetrahedral semiconductors generally,
C u  ~  2(7i2j Ci2 ~  C44, (7.3.15)
so that for (1 1 1 ) growth;
■6i o e°- (7.3.16)-13 ~  2
Therefore, a comparison of the hydrostatic pressure component of strain on 
(001) and (1 1 1 ) orientation shows that the hydrostatic pressure component of 
strain is 1.5 times larger on the (111) than (001) orientation.
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GaAs In A s
a0(A°) 5.6533 6.0583
C n  (1011 dyne  ( c m 2) 11.81 8.33
Ci2(1011d7/77e/c7772) 5.32 4.53
(^ 44(1011dl/77e/c7772) 5.94 3.96
ac(e V ) —7.17a -5 .0 8 “
av(eV ) 1.16“ 1 .00“
b(eV) -1.7 -1.8
d{eV ) -4.55 -3.6
e14( C / m 2) -0.16 -0.045
6r 12.91 15.15
0.311 0.352
<r(m ) 0.186 0.222
Table 7.3: Semiconductor properties of GaAs and InAs used in the present calcu­
lation. All parameters are from Land61t-Bornstein(Vol.l7a,1982) unless otherwise 
noted, for a see reference [108].
Furthermore, the shift in the light-hole valence-band edge with composition is 
much greater than the shift in the heavy-hole valence-band edge, so recombination 
in bulk strained layer InGaAs is dominated by transitions from the conduction- 
band to the heavy-hole valence-band . Thus, there is a strain-induced increase in 
the epilayer band gap that partly offsets the decrease in bandgap energy with com­
position in unstrained I n xG a i_ xA s , as shown in Fig. 7.7. Hence, the inclusion of 
strain effects results in a decrease in the range of band gap energies available from 
I n xG a i - xA s  when grown as a strained layer. For QWs, the calculated electronic 
transition energies are increased further by the electron and heavy-hole quantum 
confinement energies, which depend directly upon QW thickness (L z), and also 
upon indium content via the effective masses {™%,rn\h,rriih) and conduction-band 
and valence-band offsets. We have determined the confinement energies from nu­
merical solution of Schroedinger’s equation using the finite difference method. The 
I n xG a i_ xA s  — G aA s  strained layer conduction-band offset was taken to be 0.65 
[127,128] and the bandoffsets calculated as described in chapter 3.
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In Composition, x
Figure 7.6: The shift in the heavy-hole valence band edge (A Ehh) and light-hole 
valence band edge (A Eih) with respect to the conduction band edge for (001) and 
(111) orientation as a function of In composition for Jna,Gfa1_a.As — G aA s  strained 
layers.
In Composition, x
Figure 7.7: Bulk bandgap energy for unstrained and strained I n xG a i_ xA s  on (001) 
and (111) oriented GaAs substrates as a function of In composition.
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(1 1 1 ) o rie n ta tio n
0
T~
X ,
s z■6)c0)<1)
1
in Composition, x
Figure 7.8: Total transition wavelength for recombination from the first electron 
state to the first heavy-hole state as a function of composition for a strained 
layer I n xG a 1„xA s  on (111) GaAs QW laser having a well thickness equal to the 
Matthews and Blakeslee critical thickness (solid line) and for a structure in which 
quantum size effects can be neglected(bulk) (dashed line).
We have chosen a value for the well thickness equal to the Matthews and 
Blakeslee critical thickness at each composition, in order to illustrate how the 
quantum size effect impacts the transition energy in a laser diode. These values are 
sufficiently thin that the quantum size effect is significant, and place a lower limit 
on the emission energy which can be obtained at a given composition, assuming 
flat band conditions (i.e. screening of the piezoelectric field), and hence an upper 
limit on the emission wavelength, given by 
h cA( x ,L z ) - (7.3.17)
E { x , L z )'
where h is Planck’s constant and c is the speed of light. The transition wavelength 
as a function of composition for an I n xGa,i-xA s  strained layer at the critical thick­
ness on (111) GaAs and for a structure in which quantum size effects can be ne­
glected (bulk) is shown in Fig. 7.8, assuming flat band conditions. It is clear from
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Fig. 7.8 that even with corrections for strain and quantum size effect, the emis­
sion wavelength of A =  0.9 — 1.1 f im  is adequately covered by I n xG a\^ xA s  — G aA s  
QW lasers in the composition range of x — 0.10 — 0.50. However, although bulk 
unstrained Jno.5Gao.5As can emit in the 1.3f im  range, the incorporation of strain, 
would appear to prevent emission in this important wavelength range for growth 
on GaAs.
7 .3 .4  P i e z o e l e c t r i c  E f fe c t
In content, x
Figure 7.9: Calculated magnitude of the strain-induced electric field versus In 
composition a: in an elastically deformed I n xG a i - xA s  strained layer grown on 
(111) GaAs substrate by taking ei4 as linear interpolation of standard values of 
binary compounds (dashed line) and taking the fitting value of ei4 (solid line).
A large internal electric field emerges in the strained 
layer region due to the piezoelectric effect in the case of (1 1 1 ) oriented strained 
structures. The magnitude of the piezoelectric field is related to the off-diagonal
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components of the strain tensor by the following equation,
E ^ o  =  2v/3ei4-6-y-, (7.3.18)
EqEj.
where e0 is the permittivity of free space, er the dielectric constant of the material, 
and ej4 is the piezoelectric constant.
Moise et al [129] reported that their experimentally determined strain-induced 
electric field values agree well with theoretical calculations of Eq. (7.3.18) using 
standard ei4 values for In mole fractions in the range 0.037 <  x <  0.09. The 
calculated internal electric field for strained I n x G a i - . x A s  on GaAs is shown in 
Fig. 7.9 (dashed line). The results were obtained by assuming a linear variation 
of the piezoelectric constant for I n x G a i _ x A s  between InAs and GaAs. As can 
be seen from Fig. 7.9 (dashed line), the magnitude of the electric fields are very 
large, exceeding 107 V / m ,  for lattice constant mismatches of the order of 1%. On 
the other hand, Fisher et al [130] reported a good agreement between theory and 
experiment only by using a value for the e14 constant ~  30% smaller than the 
commonly accepted value for an In content of 15%. Just recently, Sanchez et al 
[131] concluded from their work that the magnitude of E piezo in InGaAs alloys 
does not agree with a linear interpolation between the accepted values for InAs 
and GaAs. For the range of 0.07 <  x <  0.23 investigated, they have found ei4(®) 
to be linear with x but significantly lower than that predicted by a simple linear 
interpolation of the accepted values for GaAs and InAs. Linear fitting to their 
experimental data gives
e14 =  0.115 -  0.2324®, (7.3.19)
where x is the In mole fractions, and the units of ei4 are (7/m 2. The solid line in 
Fig. 7.9 (solid line) shows the piezoelectric fields for I n G a A s  alloy calculated using
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XEq. (7.3.19). The built-in field increases to a maximum value when the indium
composition is equal to 24%; then it starts to decrease with indium composition.
The piezoelectric fields given by the solid line of Fig. 7.9 show a completely different 
T'o +kc5+ J{
behaviour tlnos6“ obtained using standard values. Taking the standard values of e u
one deduces E piezo ~  450&V7cm, (dotted-line of Fig. 7.9), for strained Ino^Gao^As
QW. On the other hand, E piezo 87k V / c m  when we take the fitting value of ei4,
(Eq. (7.3.19)). The factor of 5 between this fit value and that determined from
the interpolation of ei4 using standard values emphasises the degree of uncertanity
in our knowledge of piezoelectric constants.
As we see from the above discussion, the magnitude of the piezoelectric field 
remains unclear for the whole range of indium compositions of 0-0.50. On the 
other hand, it is obvious from the experimental investigations [129,130,131] that 
the experimental strain-induced electric field values do not agree with theoretically 
calculated linear interpolation for indium compositions x >  0.1. To the best of 
our knowledge, an experimental study of the magnitude of the piezoelectric field 
x ~  0.40 has not yet been undertaken. Therefore, we have chosen the fitted value 
of Sanchez et al [131] to predict the magnitude of the strain-induced piezoelectric 
field for our strained Ino AGa0,G A s  /  G aA s  laser structure.
7 . 4  C a r r i e r - i n d u c e d  S c r e e n i n g  o f  P o l a r i z a t i o n  F i e l d s
Strain-induced electric fields are generated by the piezoelectric effect when lattice- 
mismatched layers made from zinc-blende semiconductors, are grown along the 
(111) direction [132]. The presence of these electric fields results in a tilting of 
the QW band structure, which, in turn, shifts the conduction-band state to lower 
energy and the valence-band state to higher energy, thus reducing the transition 
energy (see Fig. 7.10). The changes in the wave functions lead to changes in
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optical matrix elements and also to a screening of the electric field by free carriers. 
As the free carrier density increases, the net electric field across the quantum well 
diminishes, resulting in an increase in band edge transition energy and oscillator 
strength. The purpose of this section is to derive an approximate calculation 
method to determine screening polarization fields with increasing carrier density.
(Ill)
UNSTRAINED STRAINED UNSTRAINED 
GaAs InGaAs GaAs
Figure 7.10: Schematic representation of the changes that occur in the band struc­
ture of piezoelectric QW with a thickness a.
In order to determine the screening polarization fields originating from the spa­
tial separation of carriers along the (111) growth axis of the strained layer, consider 
a quantum well of width a, between —a/2  and + a /2 , across which there is an elec­
tric field, E. In such a structure, the confined carrier states and wavefunctions can 
be calculated numerically. We can assume that there be ni electrons per cm3 in 
each of the conduction bands, with envelope functions F l(z)  and n\ holes per cm3 
in each of the valence bands, with wavefunctions F l,(z) .  Because of the built-in
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field, the electrons and holes will be spatially separated, with electrons positioned 
an average at -\-dei and holes at —dhole* Let the two-dimensional carrier density 
be -f-cr for holes and —cr for electrons. When two sheets of opposite charge are 
separated by a distance L ( — dei -\-dhoie) they act as a parallel plate capacitor, with 
potential
v  = — , (7.4.1)
e0er
across the plates. It is this indirect potential which screens the piezoelectric field. 
For a well width of a, the average field E will then be equal to the piezoelectric 
field less the field due to charges as 
ctL
E  =  Epiezo , (7.4.2)
e0eTa
where the average field due to the free charges is V /a .  We therefore need to 
calculate a L  in order to determine E.
The average position times charge per unit area for the electrons is found from
Tima x, poo
( —cr)dei =  - e  ^  ani /  d z z \F l( z ) \2, (7.4.3)
i=i
where m  is the three-dimensional carrier density in the i th level, with the two- 
dimensional carrier density N 2D is given by
N f D =  am  . (7.4.4)
Similarly, the average position times charge per unit area for holes is
nrnax »oo
<r{-dhoie) — e ^ 2  an'i /  d z z \F ll( z ) \2. (7.4.5)
*'=i
The potential drop associated with electrons and holes 
O'(del “f" dhole)
v 2 -  Vi = _ _ pOO > m ax n ooe e  ,  .  I E  /  d z z \ F \ z )|2 -  J 2 n 'i I ,
t = l  J  — oo ^ J  — oo
(7 .4 .6 )
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so that the net field is given by
p  Umax  «oo , n m a r  .  oo
E  =  E piezo [ ^ 2  m  I d z z \F l( z ) \2 -  d z z \ F u( z ) \2]. (7.4.7)
C o ^ r  i ~ i  J - o o  t-/=1 . / - o o
If we assume n  =  p  =  n 3D then we can define the term in brackets as n3jDjL, where 
L is the average separation between electrons and holes, and is a function both of 
n 3D and E, so that
en3DL ( E , n 3D)
E  — E,p iezo
EnS*
(7.4.8)
This then allows us to calculate the E piezo value which would give rise to that net 
field, as
en3DL ( E , n 3D)
E piezo — E  -f- £0£t (7.4.9)
Figure 7.11: Magnitude of the effective field across the quantum well versus free 
carrier density in strained 70A I n 0AG a0.6As quantum well laser on (111) GaAs 
substrates. The unscreened built-in piezoelectric field is 87 kV/cm .
Fig. 7.11 shows the decrease of the effective field across the well with in­
creasing carrier density calculated by the self-consistent solution of Eq.(7.4.8) for
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I n 0 .4 G a 0 .eAs — G aA s  quantum well lasers. The well width of the active layer is 
70A and the unscreened value of the piezoelectric field is 87 kV/cm. As can be seen 
from Fig. 7.11, a free carrier density of 3xl012 cm~2 is required to reduce E piezo to 
one half of its unscreened value. This calculation has been done considering only 
the screening due to the electron-hole pair for HH1-C1 where n ^ L  has the largest 
value compared to other pairs of states. Screening then causes the built-in field to 
decrease with increasing carrier density.
7 . 5  L i n e a r  G a i n  i n  ( 1 1 1 )  O r i e n t e d  S t r a i n e d  Q W  
L a s e r s
In this section, we present a theoretical gain calculation, following Asada [39]. 
The details of the gain calculation is given in chapter 3. We examine the change 
of the maximum gain with piezoelectric field in (111) oriented strained InGaAs 
QW lasers. We assume an intra-band relaxation time of rt-n =  10~13 s, corre­
sponding to a level broadening of 6.7 meV. We also assume that the polariza­
tion is TE and the temperature is 293 K. As an example, we have chosen the 
InoAGao.6 A s / G a A s / AloAGao^As QW laser structure of Ishihara et al [112]. The 
cavity length of their device was 700 fim and the threshold current density at 20 
°C was measured to be 164 A / c m 2. The 70A InGaAs quantum wells are in biaxial 
compression with a lattice mismatch 2.78%. The electric field is generated by the 
piezoelectric effect inside the quantum well due to the polarization charges that 
occurred at the interface between barrier and the quantum well. The existence of 
the strain-induced internal field across the well tilts the energy band structure and 
confines the electron and heavy-hole wavefunctions to opposite sides of the QW, 
leading to a decrease in the wavefunction overlap. It also pushes electron confined 
states to lower energies and the hole confined states to higher energies resulting
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in a decrease of transition energy. Furthermore, the asymmetric potential-energy 
profile of the (111) oriented QW yields an increase in the strength of the transitions 
which are ’’forbidden” in the symmetric square well case. This is simply because 
the electron and hole wavefunctions are no longer sinusoidal and all the overlap 
integrals are in general non-zero. Thus, all the ’’forbidden” and ’’allowed” transi­
tions having non-zero overlap integrals contribute to the gain. So, all transitions 
having nonzero overlap integrals must be taken into account for gain calculations 
on (111) oriented lasers.
n2D(x10 ), cm’
Figure 7.12: The influence of higher subbands on calculated maximum gain for 
a fixed internal piezoelectric field of 87 kV/cm. Dashed-line shows the maximum 
gain versus injected carrier density considering only HH1-C1 transition and solid- 
line includes all transitions having a non-zero overlap integral of InoAG a0,GA s  on 
(111) GaAs substrates.
We first investigate the effect of the higher lying subbands on the calculated 
maximum gain for a fixed piezoelectric field, ignoring screening. Fig. 7.12 com­
pares the peak gain versus carrier density including only the first heavy-hole to
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conduction band transition (dashed-line) and including all the contributions from 
’’allowed” and ’’forbidden” transitions (solid-line). The unscreened value of the 
strain-induced piezoelectric field is taken to be 87 kV/cm, using the fitted value 
of ei4, for 40% indium composition. As can be seen from Fig. 7.12, the effect 
of the rest of the transitions except HH1-C1 becomes quite significant at higher 
carrier densities for a fixed piezoelectric field of 87 kV/cm. At lower carrier den­
sities the second and higher subbands do not contribute to the peak gain, since 
only the first electron and heavy-hole valence subband are significantly populated 
by the injected electrons and holes at these carrier densities. The population of 
the lower-lying valence subbands, especially HH2, increases with increasing carrier 
density, providing the extra contribution to the peak gain indicated by the differ­
ence between the solid- and dashed-lines. The peak gain energies shift to higher 
energies with increasing carrier density, because of the higher quantized energy of 
the lower subbands.
Although all transitions having non-zero overlap integrals contribute to the 
gain, the decrease in the strength of the symmetry allowed HH1-C1 transition due 
to the piezoelectric field yields a smaller maximum gain compared to the zero field 
case. Fig. 7.13 compares the maximum gain versus carrier density at fields of 
0, 50, 100 and 150 kV/cm including all transitions having non-zero overlap in­
tegrals. Firstly, the transparency carrier density shifts slightly to lower carrier 
density with increasing piezoelectric field due to the increased HH1-HH2 separa­
tion in compressively strained lasers. The fundamental transition energy between 
the lowest electron state and highest heavy hole state which defines the point of 
transparency of the device (i.e. the lowest energy photons that can be absorbed) 
also reduces with increasing piezoelectric field shifting the lasing energy at the 
transparency carrier density. Secondly, the existence of the strain-induced piezo­
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electric field decreases the C1-HH1 overlap integral and lowers the peak gain curve, 
causing the threshold carrier density to shift to higher carrier densities. Therefore, 
the presence of a piezoelectric field lowers the transparency carrier density but 
increases the threshold carrier density. Although the field incre^ment between the 
curves is fixed at 50 kV/ cm, the change in the maximum gain curve gets bigger 
with increasing piezoelectric field. The reason for this is that the oscillator strength 
of the C1-HH1 transition, which gives the most important contribution to the gain, 
becomes smaller with increasing Epiezo.
n2D(x1012), cm '2
Figure 7.13: Calculated maximum gain versus injected carrier density for 0, 50, 
100 and 150 kV/ cm internal fields in 70A strained Jno.4Gao.6A5 quantum well laser 
on a (111) GaAs substrate.
When carrier injection via the p-n junction starts, electron-hole pairs are cre­
ated to screen out the effect of the strain-induced field on the band structure. As 
the electron-hole pairs screen out the field, the bands flatten out and the confined
state energies move to higher values. So the relative strength of the symmetry 
’’allowed” transitions increase. On the other hand, the relative strength of the 
’’forbidden” transitions decrease with increasing field. This has been observed ex­
perimentally [114,133,134] by optical excitation, namely when the photogenerated 
carrier density increases, the oscillator strength increases, the spectral linewidth 
decreases and the QW transition energy shifts to higher energy.
Assuming that the carrier density is pinned at its threshold value, we can 
calculate the magnitude of the screened built-in piezoelectric filed as follows; Lasing 
occurs when the maximum gain equals the threshold gain, g th, given by
(1 -  T) 1 1
9th — CX.in -J- — OLex -j- ^ )• (7.5.1)
We take the cavity length L  =  700p m  and the plane-wave reflectivity R  =  0.3. 
Both internal and external losses are set at a{n =  a ex =  10cm-1 . We have calcu­
lated the optical confinement factor T for this separate confinement heterostructure 
as 0.0123, following Adams [47]. Using these values, threshold gain is found to be 
2211 cm-1. Then, the threshold carrier density is calculated to be about 1.9xl012 
cm-2 using Eq.(7.5.1) and Fig. 7.12 (solid line). Fig. 7.12 shows that at this carrier 
density the effect of transitions other than HH1-C1 is not important. A straight­
forward comparison, based on the result of Fig. 7.11, shows that the threshold 
carrier density of 1.9xl012 cm-2 screens 2 /5  of the built-in piezoelectric field. This 
means that the band structure is still tilted by the remaining value of the internal 
field, giving a net field in the region of 50 kV/cm (see Fig. 7.13). The calculated 
transition wavelengths at 0 and 50 kV/cm  are 1099 and 1102 nm, respectively. 
The operating wavelength for this device was measured by Ishihara et al [112] as 
1072 nm.
We conclude that a net electric field of 50kV/ cm would then have little influence
in the emission wavelength. However, if the unscreened piezoelectric field is signif­
icantly larger than the assumed value of 87kV/ cm this could shift the emission to 
longer wavelengths.
7 . 6  C o m p a r i s o n  o f  L i n e a r  G a i n  i n  ( 1 1 1 )  a n d  ( 0 0 1 )  
O r i e n t e d  S t r a i n e d  Q W  L a s e r s
In this section we compare the linear gain of (111) QWs with (001) QWs taking 
into account the valence band anisotropy, strain induced band edge shift and the 
critical thickness of the overlayer. We also compare their lasing emission wave­
length. As mentioned before, it has been shown that (111) GaAs-AlGaAs lasers 
can have a lower threshold current density than equivalent (001) lasers. O’Reilly 
et al [135] described laser gain calculations, including band mixing effects, showing 
that this improvement is consistent with the different valence subband structure 
associated with the two growth directions. They demonstrated that the highest 
valence subband has a low in-plane effective mass (light-hole cap) in both (111) 
and (001) structures and the light-hole cap extends over a greater energy range in 
(111) QWs for L w <  100A. This reduces the carrier density required for population 
inversion in thin (111) quantum wells. The changes in valence subband structure 
due to band structure anisotropy can fully account for the measured differences 
in Jth [136] between (111) and (001) growth. These calculations were carried out 
for lattice-matched QWs, where the only difference between the two growth di­
rections is the valence band anisotropy. Thus both types of laser have almost the 
same emission wavelength, with small differences due to the different heavy-hole 
confinement energies, because of the different heavy-hole masses along the (001) 
and (111) directions.
We have seen how in lattice-mismatched structures the bandgap varies with
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substrates orientation due to the variation of the strain tensor elements with ori­
entation. This leads to different emission wavelengths for the two different oriented 
lasers.
Figure 7.14: Peak gain variation with injected carrier density of I n QAG a0.6As 
strained QWs grown on (111) (solid line) and (001) (dashed line) GaAs substrates.
The in-plane heavy-hole effective mass can be simply described by the Luttinger- 
Kohn Hamiltonian, in the diagonal approximation, which ignores band-mixing ef­
fects, as
7TL
™lh =  ° for (001). (7.6.1)
7i +  72
777
m lh  =  ° fo r  ( H I ) .  (7.6.2)7i +  73
Since 73 > 72 [107], the in-plane heavy-hole effective mass is reduced for the (111) 
orientation, by about 8% for 40% indium concentration. This in-plane effective 
mass affects the density of states function at the band edge, which is then lowered
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in the (111) orientation compared to (001), due to the smaller in-plane heavy hole 
effective masses.
The effect of strain on the conduction-band effective mass is taken into account 
in gain calculations using k  • p  method as described in chapter 3.
Fig. 7.14 compares the calculated peak gain versus carrier density of (111) 
(solid-line) and (001) oriented (dotted-line) I n OAGao.oAs /  G a A s  /  AloAG a0-6A s  QW 
lasers. The well width of the active layer is chosen as 70A in both (001) and 
(111) orientation. In this comparison, the built-in piezoelectric field in the (111) 
orientation is ignored. Greater gain is achieved in the (001) well than the (111) 
well over the whole range of the carrier density and the difference in peak gains 
between the two orientations gets bigger with increasing carrier density. There are 
two effects that cause this difference; variations in the energy bandgap and in the 
band structure.
I tiqAG Oq.o A s In oAGaO'oAs ■7U'0.322Gao.678As
on (001) on (111) on (001)
E g(bulk ) (eV ) 0.865 0.865 0.9604
E g(hyd) (eV ) 0.215 0.311 0.180
E g(shear)  (eV) 0.095 0.100 0.076
E g(un iax ia l)  (eF) 0.986 1.077 1.065
E g(optical) (eF) 1.051 1.127 1.127
Aemission (fmo) 1.18 1.099 1.099
m c\\(m0) 0.0621 0.0699 0.0631
m hh\\(m0) 0.0830 0.0768 0.0892
2\M av\2/ m 0(eV ) 26.16 26.16 26.67
Table 7.4: Material parameters used in the calculations.
As seen in Table 7.4, the two different oriented lasers with 40% indium concen­
tration have different uniaxial bandgap energies. The optical bandgap is larger for 
the (111) orientation, by 7.2%, yielding a smaller peak gain compared to the (001) 
orientation, since peak gain is inversely proportional to the square of the transition
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energy E ch as explained in chapter 3. In addition, the difference between the peak 
gain curves for (001) and (1 1 1 ) gets bigger with increasing carrier density due to 
band structure effects.
It is clear from Fig. 7.15 that there are more confined hole levels for the (111) 
orientation, which makes it difficult for the hole quasi-fermi level to enter the QW 
valence band. Because the confined levels are closer to each other in the (111) 
direction, the quasi-Fermi level positions at each injected carrier density are then 
different for the two orientations. It is also important to note that the quantum 
well widths for the two orientations are taken to be 70A. For 70A (001) wells with 
40% indium fraction, the well is probably above the critical thickness (see Fig. 
7.5). Therefore, we have also chosen a well width of 35A for the (001) orientation, 
to compare with the 70A (111) well.
>3O)
W ell width (Angstrom)
Figure 7.15: Calculated valence confined state energies as a function of well width 
for (a) (111) and (b) (001) growth Jno.4Gao.6As wells between GaAs barriers..
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Fig. 7.16 shows the dependence of the modal gain on carrier density in the 
(111) and (001) oriented strained 70 and 35A QWs respectively. The value of the 
optical confinement factors, T, are 0.0123 and 0.0061 for the 70 and 35A quantum 
wells respectively. The in-plane heavy-hole effective masses are lowered in the 
(111) case, giving a reduced density of states at the valence band maximum in 
(111) oriented lasers compared to the (001) case. On the other hand, the number 
of confined energy levels are doubled for a well width of 70A in (111) oriented 
lasers compared with 35A in (001) oriented lasers offsetting the benefit of having 
a lowered valence-band-edge density of states. As a result, the (001) oriented laser 
with an emission wavelength of 1089 nm has greater gain values compared to the 
(111) oriented laser with an emission wavelength of 1099 nm.
n2D(x10 ), cm'
Figure 7.16: Dependence of the modal gain on carrier density in (111) and (001) 
oriented I n OAG a0s A s  QWs. ( Solid line: 70A QW on (111) orientation, dashed 
line: 35A QW on (001) orientation) between GaAs barriers..
W e have com pared  th e variation  o f gain  w ith  carrier d en sity  o f a 7 0 A  (111) ori-
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ented strained Jn0.4Ga0.eAs quantum well with that of both a 7C)A and a 35A  (001) 
oriented I uoaG clo^ A s quantum well. We have found for each of the two compar­
isons that the peak gain is larger in the (001) orientation over a wide carrier density 
range, leading to smaller threshold carrier densities for (001) compared to the (111) 
orientation. However, the three laser structures considered have different emission 
wavelengths, because their peak gain energies occur at different energies. Fig. 7.17 
shows the emission wavelength versus In composition for (001) and (111) oriented 
70A quantum well lasers. The emission wavelength for (111) oriented Jno.4Gao.6As 
quantum wells is 1099 nm (solid-line of Fig. 7.17). The dashed-line in Fig. 7.17 
shows that a (001) oriented Jno.32Gao.6sAs quantum well also emits at 1099 nm. 
Fig. 7.18 therefore compares the peak gain of a 70A (111) oriented Jno.4Gao.6As 
QW (solid-line) with that of a (001) oriented Jno.32Gao.6sAs (dashed-line). Al­
though both lasers have the same emission wavelength, the peak gain curves are 
still larger for the (001) orientation. There are again fewer confined heavy-hole 
states for the (001) orientation compared to the (111) orientation; therefore the 
hole quasi-Fermi level can enter the QW more easily in the (001) orientation. We 
calculate that the absolute square of the dipole moment is bigger, ~  5%, on the 
(001) orientation due to the larger momentum matrix element and better overlap 
of the zone centre envelope functions for electrons, F 1(z)  and holes, F 1(z) .  Since 
the gain in a semiconductor laser is proportional to the absolute square of the 
dipole moment along the electric field direction, the increase in the dipole moment 
for the (001) orientation leads to bigger gain values than for the (111) orientation. 
The reduced mass mr(=  m cm,hh/,m cmhh) is almost equal for the two orientations. 
The difference in m c for the two orientations, (see Table 7.4), results from the 
different values of the In concentration and strained bandgaps.
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In composition, x
Figure 7.17: The variation of emission wavelengths of I n xG a i - xA s  strained
70A QW grown on (111) (solid-line) and (001) (dashed-line) GaAs substrates 
with In composition.
To investigate further how the valence band structure affects the calculated 
peak gain curves, we assume that only the first conduction subband and heavy- 
hole valence subband are populated by the carriers. This is shown in Fig. 7.19, in 
which the (111) orientation has slightly larger peak gain values for small carrier 
densities, and then a crossover occurs. Up to this crossover point the reduced 
density of states in the (111) orientation overcomes the other factors that give 
rise to peak gain values having larger values for (001) orientation in particular 
the larger dipole moment. However, when the population of all the subbands is 
included, as in Fig. 7.18, the (001) peak gain is larger at all carrier densities 
considered.
In the above comparisons we assumed that the quantum-well edge has a flat 
band configuration in the (111) orientation, as is the case for (001) orientation.
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However, the existence of a built-in piezoelectric field will tilt the quantum well 
band edges in the (111) orientation and lowers the peak gain curve. This will 
further increase the difference in peak gains between (001) (dashed-line) and (111) 
(dotted-dashed-line) oriented lasers, as shown in Fig. 7.18, for a net field of 
50kV /  cm.
/  >4 *2 n2D(x10 ), cm
Figure 7.18: Calculated peak gain curves for 70A InoAG a 0.QAs QW on (111) 
orientation and I n 0 ,3 2 2Gclq.q7qAs QW on (001) orientation taking into account all 
the conduction and hole subbands.
In this section, we have compared the threshold carrier densities in (111) and 
(001) oriented strained lasers using a parabolic band dispersion model. In compar­
ing the parabolic model with the full band-mixing model, it is found [7] that the 
parabolic model generally underestimates the carrier density required to achieve a 
given gain in both strained and unstrained laser structures. However, its overesti­
mation of the radiative current density (principally as a result of the difference in 
average transition strengths) generally compensates for this, and the end result is
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that the parabolic model predicts a radiative current density similar to the band 
mixing model for low current densities [38]. We have calculated the maximum-gain 
versus injected current density for (111) and (001) oriented lasers using the method 
described in chapter 4. We include all the non-zero recombination coefficients re­
sulting from the ’’allowed” and ’’forbidden” transitions in these calculations.
Figure 7.19: Calculated peak gain curves for 70A (111) oriented I n 0AG a0,QAs QW 
and (001) oriented Ino,32G a0,esAs QW, considering only one conduction and one 
heavy-hole band.
Fig. 7.20 illustrates the peak gain of a single strained I n OAGaokeAs  QW laser 
as a function of the injected current density on (001) (dashed-line) and (111) 
(solid-line), assuming zero field and (dotted-dashed-line) with an effective field of 
50 kV/ cm across the well. The results indicate that a lower injected current can 
achieve the same peak gain in the (001) QW laser compared to the (111) case, 
although the band edge density of states (DOS) are lowered due to the smaller in­
plane effective mass in the (111) orientation. The larger band gapjincreased number
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of confined levels>and reduced dipole matrix elements for the (1 1 1 ) orientation 
offsetting the benefit of having a reduced DOS in this comparison. Moreover, the 
two lasers have different emission wavelengths.
Current density (Amp/cm2)
Figure 7.20: Peak gain variation with current density of I n OAGao,QA s  strained QW 
grown on (001) (dashed line) and (1 1 1 ) (solid line) for flat band and (dotted-dashed 
line) with an effective field of 50 kV/ cm.
Therefore, a comparison is made in Fig. 7.21 of the peak gain as a function of 
injected current for (1 1 1 ) strained InoAG a0,eAs and (001) strained Jno.32Gao.6sA5 
quantum-well lasers. The reduced band edge density of states in the (111) orienta­
tion leads to a slightly smaller injected current being required to achieve the same 
peak gain at low current density. However, the band structure effects dominate 
at higher current density, so that a given peak gain is then achieved at a lower 
injected current density for the (001) orientation.
159
Figure 7.21: Variation of peak gain with current density for strained I n wG ax-aA s  
QWs grown on (111) and (001) GaAs substrates with x — 0.4 and x =  0.32, 
respectively.
7 . 7  S u m m a r y  a n d  C o n c l u s i o n s
We have reviewed the orientation dependence of key material parameters in In- 
GaAs/GaAs and investigated their consequences for laser emission wavelength and 
threshold current density in ideal lasers. It is seen that several material parameters 
vary markedly between strained layers grown on (001) and (111) direction. These 
include
(i) a reduced Poisson’s ratio for (111) growth, leading to a larger hydrostatic 
pressure-induced change in band gap,
(ii) an increased heavy-hole mass along the (111) direction, leading to a reduced 
heavy-hole subband separation, and
(iii) the presence of a built-in piezoelectric field in (111) strained layers.
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We have analyzed the linear gain characteristics of a strained InoAG aQ^ As  
quantum well grown on (111) GaAs substrate. We showed that the effects of the 
built-in piezoelectric field on the calculated gain are 1) a reduction in the maximum 
gain, leading to an increase in the threshold carrier density, and 2) an increase in 
the relative strength of the forbidden transitions.
A simple model was presented to estimate the carrier-density dependence of the 
screened piezoelectric field in (111) oriented lasers, which clearly demonstrated 
that a significant fraction of the piezoelectric field remains unscreened at laser 
threshold. Calculations were presented which show that the peak gain as a func­
tion of carrier density is reduced with a built-in field, leading to an increase in 
the threshold carrier density n^ , although the transparency carrier density n tr 
decreases with increasing piezolectric field. The increase in n th is due to the de­
creased overlap integral for the C1-HH1 transition, and the decrease in n tr is due 
to the increased energy separation between HH1 and HH2 with built-in piezoelec­
tric field. Although the critical layer thickness is believed to be increased in (111) 
oriented layers, enabling layers of higher strain to be grown, this may not nec­
essarily lead to emission at longer wavelengths on a (111) substrate, because the 
direction dependence of the elastic constants leads to the calculated flat-band gap 
of (lll)-oriented  I n QAOGao,6oAs for instance being equal to that of (OOl)-oriented 
I  no .32^00.62^5, implying greater strain being required to achieve a particular emis­
sion wavelength.
Finally, we compared the peak gain versus carrier and current density for (001)- 
and (lll)-oriented strained QW lasers. Previous theoretical and experimental 
work has shown that the threshold current is reduced in (lll)-oriented  lattice- 
matched lasers compared to equivalent (OOl)-oriented lasers. This arises because
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the increased heavy-hole mass along the (111) direction leads to an enhanced split­
ting between the highest heavy-hole state, HH1, and the highest light-hole state, 
LH1, in lattice-matched structures. By contrast, the threshold characteristics are 
limited by the HH1-HH2 splitting in compressively strained lasers, and as this 
energy separation is reduced in the (111) case compared to (001), we conclude 
that the threshold carrier and current densities will generally be reduced in (001) 
compressively strained lasers compared to the (111) case.
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C h a p t e r  8  
T h e s i s  S u m m a r y
The work carried out in this thesis considered the effects of strain, hydrostatic 
pressure, and growth direction on the properties of semiconductor quantum well 
lasers operating at various wavelengths. In each of the results chapters appropriate 
conclusions have already been presented. However, it is useful in this chapter 
to briefly summarise and gather together the major conclusions from the work 
described in this thesis.
The investigation of transparency carrier- and current-density for compressively- 
and tensilely-strained QW lasers revealed the importance of maximising the sub­
band energy separation at the conduction band minimum and valence band maxi­
mum. Our results showed that the subband separation plays an equally important 
role in determining the variation of the current density compared to the role of the 
valence band effective mass and the polarisation dependence of the recombination 
matrix elements. At moderate tensile strain, the heavy-hole and light-hole degen­
eracy, which is lifted due to quantization is restored at the valence band maximum. 
The investigation of the radiative current density at transparency showed that the 
presence of two degenerate bands at the valence band maximum always leads to an 
increased current density compared to the case where only one band is significantly 
populated. On the other hand, when the two valence bands are separated by an
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energy E a, the transparency current density decreases with increasing energy sep­
aration between the first two valence bands with greater reductions being achieved 
for a given tensiley strained laser than compressively strained laser.
In chapter 5, various approximations related to the application of the envelope- 
function method to calculate confined-state energies and subband structures in 
infinite quantum well structures were evaluated as a function of band gap, spin- 
orbit energy, and well-width. It was seen from subband dispersion calculations 
that the influence of the conduction and spin-split-off band on the topmost heavy- 
hole subband is not significant in the axial approximation, so that the inclusion of 
coupling with the conduction and spin-split-off band gave about the same result 
as with a two band (HH-LH) model. However, the differences in the results found 
using the different models increased with confined-state index. Further, explicit 
inclusion of the off-diagonal coupling between the conduction and valence bands 
can significantly change both the zone-centre confinement energy and subband 
dispersion of light-hole subband states even in large band gap semiconductors. 
Therefore, for systems where accurate calculation of the HH-LH splitting is im­
portant, the Hamiltonian model must include both conduction and spin-split-off 
band coupling. We also showed that the effects of bulk band nonparabolicity on 
zone-centre confined-state energies can be predicted directly from the bulk band 
structure for an infinitely deep quantum-well structure.
The calculated pressure dependence of direct and phonon-assisted Auger recom­
bination processes, studied in chapter 6, provided useful information concerning 
the dominant loss mechanisms in long wavelength 1.5f im  QW lasers. It was found 
that the variation in the CHSH phonon-assisted Auger recombination rate with 
pressure is in good agreement with the experimentally measured variation of the
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threshold current, 1*^ , implying this recombination mechanism is the dominant 
loss mechanism in long wavelength QW lasers. By contrast the direct CHCC and 
CHSH recombination processes had a much larger pressure dependence than is 
observed experimentally. The variation of both the transparency and threshold 
current density was examined for a series of laser structures considering the effects 
of pressure on the band structure and optical confinement factor. It was shown 
that although transparency carrier density ntr increases with pressure in all laser 
structures, the threshold carrier density n th can decrease due to the increase in 
optical confinement factor with pressure. We also calculated that the threshold 
current density should decrease more rapidly with pressure in single quantum well 
1.5f im  lasers than in multiple quantum well devices, in agreement with experiment. 
This is due to smaller optical confinement factor in the single quantum well device, 
leading to a reduction in n th with pressure.
In chapter 7, a quantitative study of the effects of a strain-induced built-in 
piezoelectric field on peak gain was carried out. It was shown that the presence of 
a piezoelectric field in (lll)-oriented lasers lowers the transparency carrier density, 
due to the increase in energy separation between HH1 and HH2, but generally 
increases the threshold carrier density, due to the decreased overlap integral for 
the C1-HH1 transition. The critical layer thickness is believed to be increased in 
(lll)-oriented layers which enables layers of higher strain to be grown. From the 
work in this chapter, it was found that the increase in critical thickness in (111)- 
oriented layers may not necessarily lead to emission at longer wavelengths on a 
(111) substrate, as might be hoped, because of the direction dependence of the 
elastic constants. The investigation of threshold characteristics showed that the 
threshold carrier and current densities increase in (lll)-oriented lasers compared 
to equivalent (001) devices, due to the decreased energy separation between HH1
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an d  HH2 in  th e  (111) case.
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F u t u r e  W o r k
To investigate the threshold characteristics of (111) oriented InGaAs/GaAs/AlGaAs 
quantum well lasers compared to the equivalent (001) oriented devices, we used 
parabolic approximation in our peak-gain versus carrier and current density calcu­
lations. However, detailed investigation of valence band structure including band 
mixing and coupling effects can provide us a more realistic subband structure which 
can significantly modify the valence band density of states. The realistic valence 
subband structure may bring some benefits for (111) oriented lasers compared to
(001) oriented lasers including reduced threshold carrier and current densities. In 
adddition to the parabolic approximation, we also ignored the effect of the strain- 
induced piezoelectric-field on the carrier density in our gain calculations. A further 
investigation of a more accurate value of the magnitude of the piezoelectric field 
may significiantly vary the effective field across the active layer at lasing thresh­
old. Therefore, an investigation of the combined effects of the realistic valence 
band structure, the accurate value of the strain-induced piezoelectric field, and the 
variation of the effective field with carrier density on the gain characteristics can 
be suggested as a future work.
A p p e n d i x  A
T h e  r a d i a t i v e  t r a n s p a r e n c y  c u r r e n t  d e n s i t y  f o r  o n e  
p a r a b o l i c  c o n d u c t i o n -  a n d  t w o  p a r a b o l i c  v a l e n c e -  
b a n d s
The electron and hole densities per unit area in a quantum well are given respec­
tively by
band, respectively. E fc jv  are the quasi-Fermi levels for the conduction- and 
valence-band, respectively.
The spontaneous emission rate R ap is given by
radiative current density J  is proportional to the spontaneous emission rate R ap
(A. 1)
(A. 2)
where Pc,v{= m CtV/irh 2) are the density of states function for conduction- and 
valence-band, respectively, and
(A. 3)
are the Fermi distribution function for electrons in the conduction- and valence-
R ap{E ch) =  C m rE chf c( 1 -  f v ) (A. 4)
where C  is constant having a value e2?/3 <  M„„ > 2 /(m„e7r27i4c3), m T is the reduced 
mass, and (1—/„) is the probability of the hole being found in the valence band. The
and can be written for m parabolic conduction- and n parabolic valence-subbands
Using the Boltzmann approximation for f c and /„, J  can be expressed as 
J  =  /° °  G m rijE ch e-(K ,.-a,)/*Br ^
• .  J  E n iit ,J E 0'J
m ,n  -OO
=  e e(Efc-Et v)/kBT C m rij I E che~Ech/kBT dE ch, (A. 6)
where .Ech =  E c — E v. The evaluation of the integral gives
y*0O
/  E che - B* / i *T dE ch =  e~E™/kaT kBT { E eij -  fcBT). (A. 7)
JEgij
When we substitute Eq. (A. 7) into Eq. (A. 6) we obtain the radiative current den­
sity J  analytically for m  conduction- and n -valence subbands using the Boltzmann 
approximation as
771,71
J  =  e C e {-Ei ' - E>')lkBT X  m rijkBT ( E gij -  kBT )e~ E^ lkBT. (A. 8)
hJ
<U
(ij
Wavevector, k
Figure A .1: Band structure for two parabolic valence bands separated by an 
energy E av.
Let’s consider recombination across a band gap of magnitude E g between a 
single parabolic conduction bands of mass m c and two parabolic valence bands of 
masses m vi and mu2, respectively, separated in energy by E av as shown in Fig. (A 
.1). The radiative current density of Eq. (A. 8) for this structure becomes
J  =  eCe(E" - E'">'"!oT e- E’/kBT kBT { E g -  kBT)(m.rl +  m r2e - E-'/kB‘), (A. 9)
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where mrx)2 =  rnvii2m c/(mvii2 4- m c). The total number of carriers per unit area in 
the conduction- and valence band in a quantum well can be written using Boltz­
mann approximation as
771 it oo 171
n = = Y l j E pcie~iEei~Efc)/kBT d E  =  J 2 n ci (A. 10)
n  roo 71
P =  J 2 J e  Pvi e(£?" - ^ ) / ^ r  d E  =  J 2 n vj e^ vj-E fv)/kBT? ^  n )
j  Ev>
where =  pci^ jksT .  The product of the carriers in the conduction- and
valence-band for the band structure given in Fig. (A .1) becomes
np =  n ae(Efc~EcJ kBT (nvie^Evl~EfvJ kBT +  n v2e^ Ev2~EfvJ kBT  ^ (A. 12)
inserting n citVj ( =  m citVjk B T / tv%2) to the above equation, we obtain 
2
kBT
np= hri?
.  2
kBT
y Tvh2 
and, therefore
j  ( m c 4 E i * ~ E > W ^ T ( T n v l e - E ’ / k B T +  m v 2 e - B ‘ / k ‘‘ T e - E " / ^ T ) )  
j  ( m ce(Ef ' - E>')/kBTe - E°/kBT(m vl +  m„2e~E" lkBT)) (A. 13)
2
e (Elc-E„)/kBT - E s/kBT = t _ N L \  ____________________________________________________ 1 4 v
\kBT )  m c(mvi +  m v2e~Ea*lkBT)
Now when we substitute Eq. (A. 14) into Eq. (A. 9) with the assumption of
equal injection of holes and electrons for charge neutrality, the current density J
can be written in terms of carrier density n as
T —  e n  ( —  ^ ( F  - k  T'l________ —_________  I mvl e-E” fk*T \
[ k B T )  9 B (m vl H-m v2 e~Eav/kBT) y m c +  m vl m c +  m v2 J
(A
Substitution of G  into Eqn. (A. 15) with the relations
allows us to write J  at transparency in terms of a  and mass ratios R i ( =  rnvi / m c) 
and i22(— m v2/ m f )  as
e3kBTrj _  „ a 2 (  R1 R2e~E^ T\
r — 2t4 2 3^  9 kBT)  < M av >  777c . /je„T\ ( i l l ?  1 i D I
it  f l  e0m 2c 3 (iti -f ) I 1 -fiJ j l  +  i?2 J
where E BV is the energy splitting between two valence subbands as shown in Fig.
(A .1). In the difference of (E g — kBT ), kBT  can be neglected with respect to E g,
so J tr, derived for two parabolic valence-bands, will have the same normalization
constant D  as in the one valence band case. Finally, the transparency current 
density J tT for one parabolic conduction-band and two parabolic valence-bands 
separated by an energy E av is written as
j  n (  R l  1 R ^ E " / k B T \  ( A 1 7 )
tr  ( R ,  +  R 2e - ^ T )  [ l  +  R ,  ( • )
where D  — [e3kBT  /  tt21ia eQm 2c3)r]Eg <  M 2V >  m c.
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n
G aA s 3.347
I n A s 3.42
A lA s 3.00
I n P 3.134
G a P 2.90
Table : Refractive index data of binary compounds used in optical confinement 
factor calculations.
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